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ABSTRACT
The ability to synthesise biomaterials of academic, clinical, and industrial significance remains a central
goal of 3D-bioprinting. Substantial efforts by researchers have been made in the field of biofabrication
to develop new bioinks capable of closely mimicking specific human tissue(s). The most common being
the complex protein collagen, which undergoes spontaneous self-assembly into a fibrilar structure
providing: the high tensile strength for bone, the basis for muscle contractions, and the high
transparency of the stroma layer found within the cornea. Translating these natural architectural features
into a biomimetic scaffold remains a significant challenge. Herein, the development of a microfluidic
system capable of guiding the electrostatic complexation of methacrylated gellan gum (a polyanion),
and chitosan (a polycation), through microfluidic channels to form highly aligned fibre bundles in a
spatially controlled manner. Through the development of an ad hoc 3D-bioprinter, biomimetic fibre
bundles that replicate the self-assembly and hierarchy of natural collagen fibres down at the microscale
have been achieved. The topography and morphology of the fabricated fibre bundles were evaluated
via scanning electron microscopy (SEM). Extruded polyelectrolyte fibre bundles were shown to have a
diameter in the range of 10-1000 µm and each individual fibre has shown to be approximately 1-2 µm.
These diameters are consistent with collagen fibres found within the human body. Moreover, the
developed printable ‘ink’ can be customised in terms of its printability and mechanical properties to
better achieve specific target tissue(s) by means of a microfluidic approach. The introduction of a UV
light source (via LEDs) mounted in close proximity to the micro-channels and therefore to the photoinitiator (Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)), was shown to stabilise the
hydrogel via chemical crosslinking of the methacrylate groups. A wavelength of 395 nm for the LED
light sources was selected and experimentally shown to penetrate through the microfluidic device walls
and enable crosslinking of the material during extrusion. Moreover, the established results show that
upon polyelectrolyte complexation, the resulting fibre diameter was significantly influenced by the flow
rate. Considering the fundamental substance of the stroma, mechanical testing showed robust
mechanical properties with a tensile strength range of ~1 MPa at a single fibre bundle level.
Furthermore, this biomimetically-aligned fibrous hydrogel system has been shown as a viable substrate
for scaffold creation and potential to access tissues of interest, such as nerves and muscles.
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CHAPTER 1 · INTRODUCTION
1.1 Background
With the advent of the biofabrication field, significant research interest from both biomedical
engineers and clinicians has emerged. Organ transplants are increasingly becoming a major crisis all
over the world and an economic burden on healthcare systems, i.e due to the rapid demand for tissue
repair and replacement of damaged organs. Less people are donating organs despite the increasing
number of patients in need of an organ transplant. In 2017, the Australian Organ and Tissue and
Transplantation Authority estimates that approximately 1,700 people in Australia are waiting for an
organ transplant at any given time. Despite this, these patients remain on the transplant list for an
average of six months to four years, with some critical cases not receiving one at all. Globally these
figures are dramatically larger, for instance with US patient numbers over 125,000 as of 2018, and
approximately half of which have waited for over two years (OPTN: Organ Procurement and
Transplantation Network , 2018).
Biofabrication, in particular 3D-bioprinting, shapes the ability of fabricating engineered tissues or
organs with high resolution, for areas such as medical bionics and regenerative medicine, greatly
advancing the discipline of tissue engineering (TE). This aims to create artificially engineered
constructs to repair, replace or replicate human tissues and organs in order to restore normal function
(Kyle, Jessop, Al-Sabah, & Whitaker, 2017). The anticipation of these technologies depicts that in the
future it may provide an adequate supply of laboratory grown tissue and organs for implantations
(Kirchmajer, 2013). This merging multidisciplinary partnership has already shown the ability to
fabricate engineered structures and replicate the native tissue by combining cells, bioactive factors, and
biomaterials in extensive strategic detail (O’Brien, 2011). Moreover, this control over spatially driven
designs allow for better coordination of cellular components and material, and therefore easier
translation into tissue and organs of interest (Carrow, Kerativitayanan, Jaiswal, Lokhande, & Gaharwar,
2015). This represents a significant move towards the successful production of functional and
implantable constructs.
In contrast to the above, it is evident that new printing technologies are required to continue driving this
idea of functional tissue engineering forward. Generally, tissue engineered constructs, fabricated by the
use of additive manufacturing processes typically involves a layer-by-layer approach. This process
ultimately builds structures by the successive deposition of layers of a material (or bioink) onto a
substrate one layer at a time in a computer designed tessellated geometry, which results in an intricate
3D product. These traditional printing methods commonly use a single ink formulation of biomaterials
for extrusion and for the creation of complex scaffolds. Cells are either seeded onto the hydrogel
structure or encapsulated inside the hydrogel prior to printing (Y. J. Tan, Tan, Yeong, & Tor, 2016).
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Currently, literature studies have indicated that a key advantage when creating these biological
constructs is to mimic/reproduce the targeted native tissue environment as closely as possible. To
achieve this, microfluidic technology has been reported as a potential way to fabricate these complex
scaffolds down to the microscale and/or nanoscale (Bsoul, Pan, Cretu, Stoeber, & Walus, 2016; Sant et
al., 2017). Given this ability, known as microfabrication, it can aid in delivering a much higher detail
and resolution, along with providing functional biomimetic scaffolds. Furthermore, the simplicity of
microfluidic channels allows for the controlled direction of biomaterials and their mixing and
interactions. The extension of this concept to the 3D-bioprinting setting is still being recognised and
has great potential to improve the way advanced biological constructs are produced.

1.2 Project Concepts and Aim
This thesis aims to establish a new approach for 3D-bioprinting with the mechanically tuneable
methacrylated gellan gum and, furthermore, to develop a novel technique using a microfluidic approach
combining oppositely charged hydrogels methacrylated gellan gum (GG-MA) and chitosan (CHT) as a
viable 3D-bioprinting platform. The latter, demonstrating the biomimetic properties of a fibrous
hydrogel for the fabrication of highly aligned GG-MA/CHT fibres significant for collagen related
tissues through the development of an ad hoc extrusion printer. Establishing the characteristics of gellan
gum alone provides a foundation for comparison and understanding the overall printability. The main
objectives for this thesis are outlined below:
i)

Methacrylated gellan gum will be synthesised and formulated, with respect to its
rheological properties, to meet the requirements to print at room temperature. Moreover,
the specific degree of methacrylation will be compared in terms of its rheological and
mechanical properties in tandem with overall printability.

ii)

Computer-aided design (CAD) software will be utilised, in conjunction with additive
manufacturing processes and microfluidic methods, to design and develop a novel
bifurcating extrusion printing nozzle prototype.

iii)

A customised 3D-bioprinter extrusion mechanism will be required to guide the
complexation of GG-MA (polyanion), and CHT (polycation), to produce aligned fibre
bundles initially in a 1D (straight lines) manner to demonstrate that the material can be
printed.

iv)

Preliminary observations and the properties of resultant printed hydrogel fibre bundles
will be explored with respect to their flow rates, morphology, and mechanical
properties.
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v)

Replication of collagen-like architecture at the microscale with the mechanically tuneable GGMA in combination with CHT will be characterised with SEM microscopy. The initial focus
will be in the context of the human cornea, as this work is in collaboration with Sydney Eye
Hospital.

vi)

Difficulties resolved, as well as the obstacles to be overcome in using this novel technique will
be documented, and avenues for future improvements suggested.

1.3 Significance and Scope
Within the field of biofabrication, appropriately engineered hydrogels have the potential to
solve the ability to mimic the physiological and geometric architecture to that of native human tissue.
This research project expands on this fundamental challenge by better understanding the use of the
highly tuneable GG-MA by varying the degree of substitution, as well as the use of microfluidic
channels and understanding the physiochemical interactions between oppositely charged hydrogels.
Using this understanding, new printing methods are important for developing the field of biofabrication
so that greater impact can occur in the clinical setting.
To date, there have been no published studies describing the fabrication of GG-MA/CHT
polyelectrolyte fibres using a microfluidic approach on a 3D-bioprinter. Furthermore, the microfluidic
approach to 3D-bioprinting has also not yet been fully investigated, despite the potential being widely
recognised. This makes the design concept of this fabrication method a relatively new idea and aids in
the field of biofabrication. In addition, the use the GG-MA is commonly found within tissue engineering
constructs due to being easily modifiable for a desired set of mechanical properties and UV crosslinked
within moulds. However, limited publications are able to detail the effect this functional group tuning
has on printability.
The stroma layer of the cornea is a focal application of this investigation, which is in collaboration with
Dr Gerard Sutton at the Sydney Eye Hospital. Therefore, the project will examine the initial stage for
materials fabrication, which could lead to studies related to full corneal reconstruction. As such the
ethics behind biofabrication within clinical environments, for example within hospitals, is additionally
explored due to the research outcome having lead up to future hospital treatments for corneal diseases.
Overall, this is a design-concept project, with the primary aim of developing and validating a fabrication
method of designing fibre scaffolds that closely replicate the architecture of natural collagen fibre
bundles. Future work can translate this technology into biological-relevant complex scaffolds and
comprehensive cell studies. However, it is important to continually assess the ethical issues in parallel.
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1.4 Thesis Outline
As aforementioned this project explores many multidisciplinary areas such as chemical
synthesis, bioink formulation, printer design with a microfluidics approach and printing characterisation
with the aid of microscopy imaging. For clarity the subsequent chapters will be ordered as followed:
‒

Chapter 2 provides an in-depth review of the literature around traditional 3D-bioprinting
methods, biomaterials, and biofabrication for the cornea from an anatomical and physiological
perspective.

‒

Chapter 3 describes the methods used to characterise and design the materials, components
and extruded structures.

‒

Chapter 4 covers the results and discussion of the applied methods in two parts:
i)

Beginning with development of methacrylated gellan gum for 3D-bioprinting alone as
a basis and describing the imposed mechanical properties then,

ii)

A novel biofabrication approach to produce functional biomimetic collagen-like tissue
is described, using the previously detailed gellan gum material.

‒

Chapter 5 provides recommendations for future work and conclusion of the first ten-month
project as part of the International Masters of Biofabrication double-degree.
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CHAPTER 2 · LITERATURE REVIEW
Introduction. This review chapter covers the rapidly emerging field of biofabrication including
a description of commonly used additive manufacturing techniques as printing methods and how they
have been employed into biomedical applications (Section 2.1). The importance of biomaterials and
specific materials can be used to replicate collagen tissue will then be discussed (Section 2.2). In the
same manner an overview of microfluidics takes place (Section 2.3). Finally, the need for an alternative
approach to cadaveric corneal transplantation is outlined and supported by an understanding of the
anatomy of the cornea and current tissue engineering methods being used (Section 2.4).

2.1 Biofabrication
Over the last decade, biofabrication has evolved as a major multidisciplinary field that has
bridged the gap between tissue engineering, regenerative medicine and computer-aided design through
the use of 3D-bioprinting. Also referred to as ‘additive manufacturing’, this technique has introduced
many different fabrication methods involving the addition of biomaterials with precise architectural
configurations and spatial positioning (Malda et al., 2013). Through the combination of biomaterials,
cells, and growth factors within automated fabrication processes, 3D constructs fabricated in a layerby-layer manner are ultimately realised from an initial computer-aided design (CAD). This facilitates
the generation of 3D bio-engineered tissue/organ constructs with a superior organisation, resembling
that of native tissue much closer than traditional TE methods. The most notable bio-printing methods
include inkjet printing, laser-assisted printing, and extrusion printing, also known as robotic dispensing
(Figure 2.1). While scaffold-free biofabrication techniques also exist, where complex matrices are
produced using cells or hydrogels only and relying on them to form their own structural architecturematrix. Typically, these afford quicker fusion and maturation since cell seeding or adherence with a 3D
material is not required (Verissimo et al., 2017). Recent years have seen an enormous progress in 3D
bioprinting methods and equipment, both scaffold-based and scaffold-free.

2.1.1 Inkjet Printing
Both thermal and piezo-electric methods are considered as forms of inkjet printing. These
adoptions are usually defined as dispensing a material through a small orifice with precise positioning
of very small volumes (1-100 picolitres). In this context the material is more commonly referred to as
a bioink, which deposits onto a substrate through the printing process. A single bioink droplet is
expelled through a nozzle via the creation of a pressure pulse (Calvert, 2007). For thermal inkjet
printing, this pressure is generated by a micro-heater that vaporizes small volumes within the print head
that expels droplets. The alternative (i.e. piezo-electric inkjet printing) does not require the use of heat,
but instead the use of direct mechanical pulses to the print nozzle. This establishes shock waves to force
the ink through the nozzle. An example of a piezo-electric printer is the Connex3 Objet 350. Despite
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the high printing speed, relatively low cost, and wide availability of inkjet printing, multiple factors
impede its widespread application for biofabrication use. These drawbacks include a low upper
viscosity limit, inconsistency in droplet size and, in particular, the potential risk of exposing bioinks to
thermal and mechanical stress, leading to nozzle clogging and issues related to cell viability when using
biologically relevant ink formulations.

Figure 2.1: Main additive manufacturing/biofabrication technological approaches to printing with the use of hydrogels.
Obtained from Malda et al. (2013).

2.1.2 Extrusion printing
Extrusion printing, or robotic dispensing, is the most commonly used printing approaches. It is
based on the well-developed field of robotic dispensing. Hydrogels (with or without suspended cells)
are inserted in disposable plastic syringes or cartridges and dispensed (either pneumatic, piston- or
screw-driven) onto a building platform (Figure 2.1). This can be heated in the case of melt extrusion
printing, or immediately extruded at ambient temperature for gel and solution printing (Pidcock & in
het Panhuis, 2012). The amount of material deposited per unit time, known as the flow rate, is dictated
by the applied pressure (kPa) for pneumatic systems, the feed rate (mm/min) of piston driven motors
can also dictate the deposition of material. Piston-driven deposition generally provides more direct
control of the flow rate with respect to pneumatically driven extrusion. This is due to the delay of the
compressed gas volume in pneumatic systems (Cornock, Beirne, Thompson, & Wallace, 2014). Screwbased systems provide more spatial control and are beneficial for the dispensing of hydrogels with
higher viscosities.
In comparison with other printing methods, extrusion printers yield continuous filaments of bioinks,
usually with a resolution in the order of 200 μm. This ability is further complimented with the capability
of extruding highly viscous materials and therefore enabling the creation of anatomically shaped 3D
constructs. Further supporting this printing method is the fabrication speed and ability to deposit high
cell densities, complementing the fabrication of organized constructs of clinically relevant sizes within
a realistic time frame.
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2.1.3 Laser-assisted printing
Laser assisted printing encompasses a large range of additive manufacturing techniques that
utilize a laser to deposit material onto a substrate. These include selective laser melting (SLM),
stereolithography (SLA) and for biological approaches laser-induced forward transfer (LIFT). SLM is
a rapid prototyping technique that typically uses an ytterbium fibre laser to melt and fuse metallic
powders together. Available metallic powders range from titanium, cobalt chromium alloys, and
stainless steel (Osakada & Shiomi, 2006). This process is carried out in a sealed inert gas filled chamber
to prevent oxidation. Successive layers are melted onto a stainless steel stage, and a thin scaffolding
support structure is printed into the work piece to allow for overhanging geometries and to act as a sink
for the excess heat generated from the laser (Vandenbroucke & Kruth, 2007). Stereolithography (SLA)
utilizes the process of photopolymerization by which an ultraviolet (UV) laser is focused into a vat of
photosensitive resin, and selectively draws a layer-by-layer three-dimensional solid onto the surface of
an elevator platform. An example of a SLA printer is the Formlabs Form 2 printer, which has been
utilised for fabricating design components in this thesis. This method is capable of producing medical
models with extremely high resolution and, while reasonably fast, it is relatively expensive since it
requires an excess of material on the build platform.
A biological approach to laser-assisted printing comprises the laser-induced forward transfer (LIFT)
method. This system infers the use of two distinct layers, a laser energy absorbing layer and a layer of
desired bioink, which is typically coated onto a transparent donor slide. A focused laser located above
the two layers then pulses causing local evaporation of the absorbing layer in order to generate a high
gas pressure, propelling the bioink compound onto a collector slide (Figure 2.1). Evidently this
approach is nozzle free, with no clogging potential, which is commonly associated with the other
notable printing methods. This technique is also compatible with a broad range of viscosities; however
the material is required to have rapid gelation kinetics to achieve high shape retention (Malda et al.,
2013). Overall, this approach allows for precise deposition and fabrication of relatively small 3D
structures, however even distribution of cells remains complex. Time is also a limiting factor for the
generation of larger and clinically relevant 3D constructs, which further inhibits the successful
translation of this technique to widespread applications.

2.1.4 Co-axial extrusion printing
As indicated by the name, this approach involves co-extrusion of multiple materials along the
same axis. This allows for the ability to create an inner core composed of delicate components, such as
cells, encapsulated by an outer shell layer for protection and structural support (Cathal et al., 2016).
This core-shell structure facilitates direct compartmentalization by means of multi-material deposition,
each optimized for its distinctive function within the final tissue construct (Cornock et al., 2014).
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Many examples of co-axial printing are arising and these include (a) coaxial melt extrusion of
hydrogel/thermoplastic hybrid structures by Cornock et al. (2014) and more recently, (b) coaxial
extrusion of biopolymers for cartilage tissue engineering by Costantini et al. (2016) and (c) coaxial
plotting of polymer blends with the aim of creating vascular networks by Jia et al. (2016). This can be
seen as a similar method to a microfluidic approach, however the two materials only come in contact
with one another upon extrusion with no mixing within the channels. Therefore it is different to the
proposed microfluidic study as described in the aims of Section 1.2
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Table 2.1: Summary of the different bio-printing techniques. Obtained from Kyle, Jessop, Al-Sabah, & Whitaker, 2017
and Malda et al., 2013.

Bio-printing
Modality

Material
Viscosity

Print
Speed

Resolution

Cell
viability

Cost

Require low
viscosity

Fast
printing
speeds

Intricate
structures
with high
resolution
(10-50 µm)

>85%

Low

(3-12 mPa.s)
(1-10000
droplets s-1)

No limitation

Fast

High
resolution
(≥1 µm)

>85%

Low

1-300 mPa.s

Fast

High
resolution
(pico- to
microscale)

>95%

High

Moderate
resolution
(200-1000
µm)

Dependen
t on
nozzle
diameter
(150 µm,
68.6%)

Moderate

(200-1600
mm.s-1)

Higher viscosity
(30-6x107 mPa.s)

Slow print
speed
(µm.s-1)
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2.2 Biomaterial
Within the biofabrication of tissue or organ constructs, the bioink material is of utmost
importance as this includes the living cells, and determines mechanical properties and scaffolding for
the 3D construct being developed. The biomaterials should resemble the dynamic and native
microenvironment of the specific target tissue, which has been described as particularly challenging.
The ideal biomaterial should be non-toxic, biocompatible, promote favourable cellular interactions and
ultimately tissue development, while possessing adequate mechanical and physical properties similar
to that of the specific target tissue. In addition, it should also be either biodegradable or bioresorbable
to support the reconstruction of a new tissue without causing any inflammatory responses (Mano et al.,
2007).
Collagen is one of the most abundant proteins found within human tissue. The fibril formation process
of this complex protein occurs via a self-assembly process in response to injury (see Figure 2.2). The
assembly of collagen molecules into fibrils is an entropy driven process, where tropocollagen molecules
are staggered in linear repetition, self-assembled and laterally compacted by electrostatic interactions
of oppositely charged species (Rele et al., 2007; Yu, Li, & Kim, 2011). These processes are driven by
the loss of solvent molecules from the surface of protein molecules and result in assemblies with a
circular cross-section, which minimizes the surface area/volume ratio of the final assembly (Kadler,
Holmes, Trotter, & Chapman, 1996). Naturally produced collagen possesses many unique
characteristics that make it a desired printing constituent, characteristics such as high mechanical
strength, good biocompatibility and low antigenicity. Substantial effort has been made in a number of
studies attempting to engineer and print aligned compacted collagen. To date, numerous studies have
been described (Fraley et al., 2015; Kishore, Iyer, Frandsen, & Nguyen, 2016b; Y. B. Lee et al., 2010;
Webster, Hawley, Akkus, Chiel, & Quinn, 2015) to create engineered compact aligned collagen,
however, significant work is still required to make these material printable and to understand the
molecular mechanisms of the assembly process. This thesis outlines and documents an alternative
method by investigating the ability to mimic the natural collagen fibres down to the microscale (see
Figure 2.2B).

2.2.1 Polyelectrolyte Complexation Fibres
A simple strategy for mimicking these natural collagen fibres is to replicate the process of the
architectural formation and hierarchy of natural collagen fibres using specific materials that translate
into a biomimetic scaffold. Electrospinning has been widely used for self-assemble fibre formation
(Viswanathan et al., 2006). However, this technique requires high voltage to operate and restricts its
suitability for cell encapsulation. A much more cell friendly method is utilising the self-assembly of
polysaccharides into aligned fibrous systems (Tripathi & Melo, 2017). Better known as polyelectrolyte
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complexation (PEC), this method describes the self-assembly of oppositely charged water-soluble
polymers that complex between their contacting interface and form insoluble fibres (Figure 2.2).
GGMA

GGMA

Figure 2.2: Schematic of (A) self-assembly of native collagen from tropocollagen triple helices to fibrils to collagen
fibres and (B) proposed mechanism of self-assembly of oppositely charged polymers, chitosan and gellan gum. Adapted
from Sant et al., 2017.

These PEC fibres have been shown to coalescence and combine to form thicker fibres in the nano- and
micro range (Wan, Tai, Leck, & Ying, 2006). In addition have been used in tissue engineering
application since 1998 by Amaike et al. to aid in mimicking the ECM structure of specific tissues
(Amaike et al., 1998). Iwasaki et al. fabricated fibres from the complexation of chitosan and alginate
for cartilage tissue engineering and, more recently, Sant et al. was able to apply this even further by
allowing for the self-assembly of oppositely charged polyelectrolytes through microfluidic channels
into an aligned fibrous system (Iwasaki et al., 2004; Sant et al., 2017). This method of fibre formation
has significant potential in tissue engineering because it is a simple and toxic-free water based method
and does not require a high temperature to operate. Since PEC preparation can be achieved at room
temperature and does not need any toxic solvent, encapsulation of cells within these fibrous biomaterials
is much easier. The encapsulation of many different cell types has been explored by Sant et al. who
detailed experiments encapsulating rat cardiac fibroblasts, cardiomyocytes, and hMSCs cells without
affecting their viability (Sant et al., 2017). This thesis proposes to take this process further and adapt a
microfluidic extrusion print head device to extrude these PEC fibres from microfluidic channels in a
spatially controlled manner.
Fabrication of polysaccharides capable of replicating the hierarchical self-assembly of collagen as
closely as possible is gaining significant momentum in the biomedical community. Among these are
chitosan (CHT) and gellan gum (GG) which have been increasingly used in the tissue engineering and
regenerative medicine fields due to their high availability from naturally renewable and inexpensive
sources (Mano et al., 2007).
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2.2.2 Chitosan
CHT is a linear polysaccharide (Figure 2.3) composed of randomly distributed β-(1–4)-linked
D-glucosamine and N-acetyl-D-glucosamine units that is positively charged when mixed with low
concentrations of acetic acid (pH˂6.5) and forms gels with polyanions (Sant et al., 2017). It is obtainable
by the deacetylation of the precursor form (chitin), and the remaining amino groups is calculated to
determine the degree of deacetylation (Coutinho et al., 2012). Moreover, both amino and hydroxyl
groups can be selectively modified for different purposes including methacrylation.

Figure 2.3: A representation of positively charged chitosan chain. Drawn in Chemdraw 2016.

Much of the interest of chitosan as a biomaterial comes from its cationic nature and high charge density
in a pH controlled solution (Francis Suh & Matthew, 2000). The charge density allows chitosan to form
insoluble ionic complexes and adhere with a wide variety of water-soluble anionic polymers. These
PEC formations have been documented with anionic polysaccharides such as gellan gum and alginate,
as well as synthetic polyanions such as poly(acrylic acid) (Coutinho et al., 2012; Francis Suh &
Matthew, 2000; Sant et al., 2017).

2.2.3 Gellan Gum
Gellan gum (GG) is a natural polysaccharide that is both an FDA and EU approved food
additive. It is a high molecular weight linear anionic heteropolysaccharide (Figure 2.4), composed of
the

tetrasaccharide

(1→4)-l-rhamnose-α(1→3)-d-glucose-β(1→4)-d-glucuronic

acid-β(1→4)-d-

glucose as a repeating unit (Kirchmajer, 2013; Stevens, Gilmore, Wallace, & in het Panhuis, 2016). The
native high acyl form has two acyl substituents (d-acetate and d-glycerate) that are located in the same
glucose residue (Figure 2.4). Both acelyated and deactylated gellan gum forms are capable of gelation
after transitioning from a coiled form at high temperatures (~90 ºC) to a double-helix structure when
cooled. This gives rise to a thermoreversible gel with different mechanical properties (Bacelar, SilvaCorreia, Oliveira, & Reis, 2016). The high acyl form produces soft, elastic, and flexible gels that are
resistant to heat and acid, whereas the low acyl form produces firm, transparent, non-elastic brittle gels
and a higher thermal stability (Mano et al., 2007). GG is easily capable of being functionalised, for
example via methacrylation with methcrylate anhydride (MA), which has been explored in the literature
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to enable highly tuneable physical and mechanical properties (Coutinho et al., 2010). This allows for
GG to be chemically crosslinked rather than ionically crosslinked, providing enhanced replication to
that of native tissues being reconstructed. GG-MA also exhibits non-cytotoxicity and has shown to
establish focal adhesion with the surrounding environment (Stevens et al., 2016). The carboxyl group
on the GG backbone holds a negative charge within a solution state (Figure 2.4), enabling the ability to
physically crosslink to positively charged species.

Figure 2.4: A representation of Gellan Gum chain forming a negatively charged carboxyl group within solution.
Drawn in Chemdraw 2016.

Functionalization of GG with an arginine-glycine-aspartic acid (RGD) peptide, a cell adhesion motif,
has been reported to enhance cell viability, in particular with nerve regeneration (Lozano et al., 2015).
Moreover, GG is capable of holding its structural scaffolding for a much longer period of time. SilvaCorreia et al reported GG-MA to last for over 90 days in PBS when testing in vitro degradation (SilvaCorreia et al., 2013).

2.3 Microfluidics
2.3.1 Background
Microfluidic technology has often been used to engineer the manipulation of fluids at the submillimetre scale for improving both diagnostics and biological research. Combination of microfluidics
and printing technologies can provide significant benefit. The precise control of fluids in biological
assays and devices has made this technique an attractive way to replace more traditional experimental
approaches. This is because fluid characteristics that dictate liquids at the microscale are considerably
different from those at a macroscale (Sackmann, Fulton, & Beebe, 2014). For instance, the relative force
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of gravity has a reduced effect on microscale channels. In contrast, surface tension and capillary forces
take a larger effect at the microscale; allowing for specific manipulation for a variety of tasks, such as
passively pumping fluids in microchannels (Walker & Beebe, 2002), precisely patterning surfaces with
user-defined substrates (S. H. Lee et al., 2010), filtering various analytes (Berry, Maccoux, & Beebe,
2012), and forming monodisperse droplets in multiphase fluid streams (Anna, Bontoux, & Stone, 2003)
for a variety of applications. The simplicity of integrating these microfluidic devices into complex
systems to dispense microfluids on a common platform allows for direct microfabrication with high
throughput (Bsoul et al., 2016). Rapid prototyping for different series of microfluidic devices has
typically been fabricated and moulded by polydimethylsiloxane (PDMS), which are commonly referred
to as “labs-on-a-chip”. However, the elastic nature of PDMS can be a major drawback for applications
that require high fluid flows or pressures (Jowhar, Wright, Samson, Wikswo, & Janetopoulos, 2010).
The most recent trends, strategies and applications of microfluidic systems in the field of biofabrication
include the development of organs-on-a-chip devices as advanced in vitro models of tissues/organs,
microfluidic systems for the production of tailorable smart biomaterials, custom printing heads for 3D
printing/3D bioprinting of biomimetic constructs composed of multi-materials and/or multi-cellular,
innovative systems for cell encapsulation and microfluidic-based cell culture platform (Bsoul et al.,
2016). Biofabrication techniques are driving advances in microfluidic channel design, performance and
access to sophisticated biomaterial scaffolds and tissue designs. Here, a microfluidic approach was
taken to meet the objectives in this thesis which aims to introduce micro volume of two separate
hydrogels into a singular channel to enable physical interactions between two polymers before
extrusion.

2.3.2 Component Design and Fabrication
Prototype design of each fabricated part was carried out with computer-aided design (CAD)
software (Solidworks 2018, Dassault Systèmes). This process allows for the design of components in a
tessellated geometry that is further sliced by computer-aided manufacture (CAM) software to produce
an adequate tooling path for 3D printing. High-resolution models can be fabricated and made tangible
using an SLA printer for quick turnaround and possible revisions (Formlabs Form 2 printer). This new
age of CAD software partnered with additive manufacturing provides a fast platform for the prototyping
of design iterations. Examples of these include microfluidic channels, printing nozzles and
mechanically driven print heads (see Section 4.2.2).

2.4 Towards Corneal Application
As previously mentioned, this project works concurrently with Dr Gerard Sutton at the Sydney
Eye Hospital, Australia, to investigate ways to repair the corneal stroma from deep corneal lacerations
found within the front of the eye and make steps towards entire corneal reconstruction. To understand
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how developing a printing method to mimic collagen may aid corneal tissue engineering the next section
will examine the anatomy and function of the cornea as well as the current tissue engineering methods
and the prevalence of corneal blindness in the world today.

2.4.1 The Need for an Alternative
According to the most recent survey by the World Health Organization (WHO), visual
impairment is a major health issue that affects approximately 10 million individuals due to trauma,
bacterial/viral infections, and genetic disorders (Wu et al., 2013). Corneal blindness is second only to
cataracts for vision impairment. It is also estimated that ocular trauma and cornea ulceration results in
1.5 to 2 million new cases of corneal blindness annually (Carlsson, Li, Shimmura, & Griffith, 2003).
While corneal scarring can also occur as a result of measles, which is a leading cause of blindness in
children (Whitcher, Srinivasan, & Upadhyay, 2001). Furthermore, the only widely accepted treatment
is transplantation of human donor tissue. However, eye bank programs cannot fulfil the demand for
transplants, and long waiting lists are a current unavoidable reality (Ghezzi, Rnjak-Kovacina, & Kaplan,
2015). It is estimated that approximately 28% of these transplants do not even result in visual
improvement, with tissue rejection processes occurring and can ultimately result in permanent blindness
(Ghezzi et al., 2015). With these statistics and that corneas are one of the most transplanted tissues (D.
T. Tan, Dart, Holland, & Kinoshita, 2012), there is clearly a vital need for an alternative to cadaveric
corneal transplantation to tackle this global concern. Corneal tissue regeneration via biofabrication is
being investigated to address the shortage of human cornea donors in addition to the current
disadvantages of tissue rejection, which is likely to occur and can result in permanent blindness (Griffith
et al., 2009).

2.4.2 Anatomy and Function of the Human Cornea
The cornea is the outermost layer of the eye. It is described as an optically clear hydrogel
comprised of highly organised, dense, avascular, and relatively acellular connective tissue (Figure 2.5).
It controls the three major elements of protection from foreign bodies, is of high transparency, and
provides an optical interface with substantial refractive power (Wu et al., 2013).
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~90%

Figure 2.5: A detailed cross sectional diagram of the human cornea. Obtained from National Eye Institute, 2016.

The size of the adult human cornea has been estimated at around 11.80 mm (Gharaee, Abrishami,
Shafiee, & Ehsaei, 2014; Hashemi et al., 2015) and 10.63 mm (Khng & Osher, 2008) in the horizontal
and vertical diameters, respectively. The average thickness starting at 0.5 mm (Ruberti, Sinha Roy, &
Roberts, 2011) in the centre and then progressively increases toward the sclera.
Corneal Epithelium
The epithelial layer of the cornea is 40-50 μm thick and consists of 4 to 6 layers of stratified
and non-keratinized squamous epithelial cells covering the outmost layer (Chen, You, Liu, Cooper, &
Hodge, 2017; DelMonte & Kim, 2011). The epithelium controls multiple critical functions, the foremost
serves as a biological barrier that prevents toxins, microbes and other foreign bodies from entering the
eye as well as regulation of water into or out of the stroma layer. Transparency is established in
conjunction with the tear film, which is the most superficial layer (2-3 flat layers) of epithelium cells.
This presents a smooth interface from tight junctions at the anterior of the eye allowing for coherent
refraction of light as it enters the eye (Eghrari, Riazuddin, & Gottsch, 2015).
Corneal Stroma
The stroma, being roughly ~90% (Figure 2.5) of the corneal thickness, is a highly organised,
dense, avascular, and relatively acellular connective tissue (Eghrari et al., 2015). As depicted in Figure
2.6, it consists of 300-500 layers of highly organised collagen fibrils in orthogonal orientations,
providing lateral tensile strength. Each fibril is approximately 1-2 µm in diameter (Wu et al. 2012). This
unique and uniform orientation is primarily responsible for the corneal optical transparency (Komai &
Ushiki, 1991). Stromal keratocytes reside between the collagen layers and are responsible for secretion
of the molecular components. Fabrication is difficult due to its highly-aligned structure, which
constitutes to its mechanical strength and transparency. Reproducing its unique microstructure and
composition is therefore essential when constructing 3D-bioprinting clinically relevant models (Chen
et al., 2017).
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Figure 2.6: A schematic representation of (a) cross sectional view; (b) top view of the microstructural arrangement of
the stroma layer: these are arranged parallel to each other in regularly spaced lamellae sheets. Obtained from Wilson,
El Haj and Yang, (2012).

Corneal Endothelium
The endothelium layer (Figure 2.5) is vital for maintaining nutrition of the entire cornea, and is
also important in determining the suitability for cornea transplantation. The endothelium layer is made
up of a single layer with a thickness of approximately 5 μm (He et al., 2016). This primary function acts
as a barrier between the hypertonic aqueous humour and the hypotonic stroma, regulating the movement
of ions and water content into the stroma (Geroski, Matsuda, Yee, & Edelhauser, 1985).

2.4.3 Corneal Innervation
The cornea is reported to be one of the most innervated tissues of the human body controlling
both protection and the integrity of the ocular surface. Containing majority sensory nerves, corneal
sensation and nerve growth are important indicators if tissue rejection is likely to occur (Chen et al.,
2017). The autonomic nerves in the cornea are sympathetic and parasympathetic fibres originating from
the superior cervical ganglion and ciliary ganglion, respectively (Al-Aqaba, Fares, Suleman, Lowe, &
Dua, 2010).

Figure 2.7: A collection of microscopic images mapping the distribution and pattern of human corneal nerves. Figure
obtained from Patel & McGhee (2009).
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As seen in Figure 2.7, the orientation of the sub-basal plexus is visible by in vivo corneal
microscope, appearing in a whorl-like pattern towards the corneal apex (Patel & McGhee, 2009). At the
central whorl region, the nerves are arranged in a clockwise rotation. It is unknown what drives this
whorl-like pattern and the sub-basal nerve plexus movement, regardless, according to Ghezzi et al.
(2015), corneal nerve growth and distribution appear critical for corneal reconstruction.

2.4.4 Corneal Tissue Engineering
The current most common cornea tissue engineering techniques have adopted silk fibrin,
collagen or gelatin (summarised in Table 2.2) for fabrication of corneal tissue-like constructs (Griffith
et al., 2009). Exploration of such natural biomaterials has challenges with respect to sufficient
mechanical toughness, biocompatibility, transparency, and biodegradability.
Table 2.2: Comparison of the three most common biomaterials used in relation to corneal tissue engineering.

Processing
Collagen

Silk

Gelatin

Advantage

Disadvantage

Literature
(Kishore, Iyer,
Frandsen, &
Nguyen, 2016a)

Crosslinking/
Electro-compaction

High
biocompatibility
from intrinsic RGD

Inferior mechanical
properties

Evaporation/
Electro spinning

Inherent optical clarity;
Controllable degradation
rates and mechanical
properties

Surface modification
or
combination
required

(Lawrence,
Marchant, Pindrus,
Omenetto, &
Kaplan, 2009)

Evaporation/
crosslinking

Natural biocompatibility;
Suitable biodegradability

Inferior mechanical
properties

(Watanabe et al.,
2011)

Note: RGD – Arginylglycylaspartic acid (Arg-Gly-Asp).

Collagen is found throughout the body and is important for cell adhesion and proliferation, with intrinsic
arginine-glycine aspartic acid (RGD) (Ghezzi et al., 2015), in particular in the stromal layer within the
human cornea. This suggests the use of collagen being vital for the fabrication of biomimetic corneal
stroma equivalents. This has been reported to be suitable for all types of corneal cells, including the
planar growth of stromal cells (Chen et al., 2017). However, the major challenge for biofabrication
purposes is an insufficient mechanical toughness and elasticity.
Silk fibroin (SF) has shown a significant ability to create membranes that support the formation of
confluent multilayered epithelium and growth of human corneal limbal epithelia cells (Figure 2.8).
Originating from the cocoon of the silk worm, Bombyx Mori, the derived structural protein has a nonimmunogenic response, controllable degradation rates, and mechanical properties similar to that of
human native cornea (Lawrence et al., 2009). The non-existent natural ECM proteins infer that a RGD
(cell attachment motif) is required to induce both cell attachment and proliferation of human corneal
endothelial cells. Another limiting factor influencing the application of SF as a corneal substitute is its
molecular permeability. Surface modification is required to improve permeability and biodegradability,
although a high porosity tends to make the membranes more fragile (Gil et al., 2010).
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Gelatin provides highly transparent sheets when crosslinked into membranes and a relatively low elastic
modulus. Moreover, the addition of chondroitin sulfate has been reported to promote the growth of
corneal stromal cells. In vivo transplantation studies in rabbits has also shown that gelatin is able to fuse
with the surrounding environment (Ghezzi et al., 2015). However, addition of other biomaterials is
required to improve the mechanical properties of the gelatin membranes.

Figure 2.8: Tissue-engineered approaches for corneal reconstruction with a cross-sectional representation (left) of the
human native cornea. (A) Human epithelial cell sheet; (B) Assembly diagram for three dimensional (3D) silk fibroin
film corneal constructs seeded with human corneal fibroblasts. (C) Synthetically cross-linked collagen for corneal
implantation and then held in place by sutures in the recipient eye. Obtained from Ghezzi et al (2015).

Chitosan (CHT) has also been investigated for corneal tissue engineering. For ophthalmological
applications, chitosan has been shown to be an appropriate substitute for amniotic membranes as a cellcarrier to reconstruct the ocular surface (Chen et al., 2017). With the addition of polycaprolactone (PCL)
biodegradation rates can be controlled, and the mechanical strength of the chitosan membranes can be
significantly promoted by the incorporation of collagen (Li et al., 2014). Of particular interest is the
fabrication of gellan gum and chitosan fibre bundles that can replicate the native structure of collagen.
This can also promote planar cellular growth and mechanical properties similar to that of the natural
human cornea (Sant et al., 2017). This thesis project aims to evaluate the application to replace part or
the full thickness of the stroma layer using the previously described method.

2.5 Summary
It is evident, following this literature review, that there is an increasing need for alternatives to
the current practice of corneal transplantation and new research in the multidisciplinary field of
biofabrication; particularly in different approaches to printing, which has the potential to solve this
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problem. By understanding the current printing techniques, partnered with the development of specific
biomaterials and new fabrication techniques, this project demonstrates a new bioprinting concept for
bioartificial corneal constructs and other systems including, neural tissue and skeletal muscle.
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CHAPTER 3 · MATERIALS AND METHODS
Introduction. This chapter covers the methodology towards 3D printing of a ‘collagen
alternative’ material at room temperature. Firstly, the functionalisation of gellan gum (Section 3.2), ink
formulation and printing characterisation (Section 3.3) is described followed by the adaption of an
existing extrusion printer for fibre extrusion using microfluidics (Section 3.4) and microscopy
characterisation.

3.1 Material
Low-acyl gellan gum (GG) (Gelzan® (Gelrite®), MW = 1,000 kg/mol), methacrylic anhydride
(MA), chitosan (high molecular weight, 75–85% degree of deacetylation, MW 310-400 kDa) and
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (≥95%) were obtained from Sigma-Aldrich,
Australia. GG was purified by dialysis to remove excess impurities and cations from the solution. A
cellulose dialysis membrane (Fisher Scientific, membrane with molecular weight cut off of 11-14 kDa,
USA) and ethylenediaminetetraacetic acid (EDTA) was employed for all purifications.

3. 2 Functionalisation of Gellan Gum
3.2.1 Synthesis of Methacrylated Gellan Gum
Methacrylated Gellan Gum (GG-MA) was synthesised by reacting GG with MA in a similar
manner already described by Countinho et al. (2010). To summarise, 1% (w/v) of GG was fully
dissolved in deionized water at 90 °C for 30 min, and then allowed to cool down to 50 °C. Subsequently,
8% (v/v) of MA was added to this solution and kept in a homogeneous state through an automated
stirring system for 6 h at ~pH 8.0 by manually adding 5 M NaOH in a dropwise fashion to the solution
resulting in a cloudy suspension. Different feed ratios produced varied degree of substitution, for
example, 2% (v/v) of MA produced low methacrylated GG where the 8% (v/v) of MA produced a much
higher methacrylated gellan gum material. Each resulting solution was segmented into 50 mL tubes and
centrifuged at 4400 rpm for 5 min at 21 °C to remove excess MA. The clear solution was poured directly
into an excess of 3 times volume of cold acetone to precipitate the modified GG-MA at -20 °C overnight.
The following solution was re-centrifuged at 7500 rpm for 5 min at 21 °C, the GG-MA precipitate was
collected and excess acetone was removed. The GG-MA precipitate was resuspended in at least 50 mL
of deionized water and heated to 37 °C under constant stirring for 30 min to ensure complete dissolution.
The modified GG-MA solution was then purified by dialysis (Fisher Scientific, membrane with
molecular weight cut-off of 11-14 kDa, USA) for at least 7 days against distilled water to ensure
complete removal of any residual MA and acetone. Water was exchanged at least 3 times per day until
a clear solution was evident. In the event of any remaining large particles left in suspension, the purified
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GG-MA was vacuum filtered. All the batches were lyophilized and stored in a dry place under dark
conditions to protect it from light as the methacrylate groups allow for UV crosslinking. The reaction
scheme is depicted in Figure 3.1 below.

Figure 3.1: Overall reaction scheme of methacrylated gellan gum with methacrylic anhydride. Drawn in ChemDraw
2016.

3.2.2 Fourier Transform – Infrared Spectroscopy
All produced samples were analysed by Fourier transform infrared spectroscopy (IR-Prestige21, Shimadzu). Prior to running characterisation, the samples were freeze-dried overnight to remove
any residual moisture. Afterwards, the samples were prepared with potassium bromide (FTIR-KBr) and
processed into pellets using a mortar and pestle. The IR spectra were obtained with 30 scans within the
range of 750 to 3500 cm-1 at 8 cm-1 resolution.

3.2.3 1H NMR Spectroscopy
The degree of substitution of GG was evaluated by proton nuclear magnetic resonance (H1
NMR) spectroscopy. H1 NMR spectra were recorded with a Bruker AVANCE III 400, equipped with a
variable temperature system. Briefly, lyophilized materials were dissolved in D2O at a concentration of
10 mg/ml and then examined at a temperature of 70 °C with 256 scans. Chemical shifts were normalised
to the methyl group of rhamnose, which was selected as the internal standard located at δ 1.45 ppm.
The degree of substitution (DS), determined by the number of methacrylate groups per repeating
tetramer, was calculated according to the equation below.
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Equation 1: Degree of methacrylation equation. Obtained from Coutinho et al. (2010).

𝐼𝐶𝐻3𝑟ℎ𝑎𝑚
𝐼𝐷𝐵
𝑛𝐻𝐷𝐵 ⁄𝑛𝐻𝐶𝐻3𝑟ℎ𝑎𝑚
𝐷𝑆 =
𝑛𝑂𝐻𝑚𝑜𝑛𝑜𝑚𝑒𝑟
Where:
IDB is the combined peak integration of the double bound protons (peaks at ~6.32, ~5.90 ppm)
of the methacrylate group,
ICH3rham refers to the integration of the internal standard methyl protons (~1.45 ppm) of the
rhamnose peak,
nHDB is the number of protons in the double bound of the methacrylate group,
nHCH3rham is the number of protons in the internal standard methyl protons of the rhamnose,
nOH is the number of all reactive hydroxyl moieties in the GG structure.

3.3 Ink Formulation and Characterisation
3.3.1 Preparation of Hydrogels
To prepare GG-MA hydrogels, the lyophilized GG-MA was dissolved at 1% and 2% (w/v) in
DI water, in micro- centrifuge tubes and placed in a water bath at 37 °C overnight, for both low and
high methacrylated gellan gum samples. Then the solutions were mixed with a photo-initiator, lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), either at 0.06% or 0.12% w/v cell-friendly
concentrations, as previously described in literature (Chandler et al., 2011; Rouillard et al., 2011), along
with concentrations of CaCl2 ranging from 0.25-120 mM (see Table A.1, Appendix A). This was
followed by placing it under dark conditions to protect it from light and allowing it to cool to room
temperature (25 ºC). High molecular CHT hydrogels were prepared by dissolving at either 1-4% (w/v)
in an aqueous solution of acetic acid (1% v/v) under constant stirring at 50 °C for 10 min. To ensure
homogenous gel formation of each, the samples were vortexed for at least 1 minute at 2500 rpm at room
temperature and centrifuged at 2200 rpm for 30 seconds to ensure that any bubbles present were
removed. These ink formulations were visually assessed for viscosity, homogeneity, and shape retention
prior to printing.

3.3.2 Crosslinking Kinetics by in-situ Rheology
The UV crosslinking kinetics of the GG-MA samples and combined with CHT was investigated
by monitoring the real-time storage modulus upon UV exposure (400 nm, 15.3 mW/cm2, Lumen
Dynamics Omnicure lx 400+) at an intensity of 15% during an in-situ rheology time sweep using an
Anton Paar MCR 301 Rheometer (Physica). This selected rheometer used a quartz stage, which allowed
UV light from beneath to penetrate through to the sample. Accordingly, this method was used to gauge
the difference in photo-initiator, LAP, concentration needed to chemically crosslink GG-MA hydrogels.
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The frequency was fixed at 1 Hz and strain set to 0.1%. All the samples were exposed to light for 60
seconds while their modulus was measured; measurements were taken for 60 seconds prior to exposure.

3.3.3 Rheological Behaviour
To evaluate the effect of the degree of methacrylation, crosslinking mechanism and polymer
concentration on the mechanical properties of the developed hydrogels, a rheological characterisation
was performed using an AR G-2 rheometer (TA-Instruments). Freshly prepared GG-MA and CHT
hydrogels (both alone and in combination) were prepared and all tests were performed in triplicate with
presented data representing the mean of each test with corresponding standard deviations. In addition,
cone-plate geometry (core diameter: 40 mm; angle 1º; gap 30 μm) was selected with an average sample
volume of 0.3 ml. Based on previous studies, low and high methacrylated gellan Gum samples were
characterized for printability. Due to the complexity of printing multiple hydrogels through a
microfluidic nozzle device, CHT neat and combined with GG-MA were also characterised to
understand their individual fluid properties.
Table 3.1: Dynamic oscillation rheology sweeps parameter summary.

Parameter
Temperature
Equilibrium
Gap size (μm)
% Strain
Frequency (Hz)

Temperature
5 – 45 ºC
2 ºC/min
2 min
50
0.1
1

Time
25 ºC

Strain
25 ºC

Frequency
25 ºC

2 min
50
0.1
1

2 min
50
0.1-1000
1

2 min
50
0.1
0.1-1000

Temperature sweeps (oscillatory) were performed at 5-45 ºC with a constant heating rate of 2 ºC/min,
a frequency of 1.0 Hz and a strain of 0.1%, to determine the printability range. The samples were loaded
at ca. 37 °C, and equilibrated at the experimental temperature for 2 minutes to forgo any mechanical
memory of the ink.
Strain and frequency sweeps were performed at an oscillation strain of 0.1-1000% and frequency of
0.1-1000 Hz, respectively. It was chosen to perform these and all subsequent tests at 25 ºC, as this
corresponds to the target of printing at RT.
A shear rate flow curve was graphed with a continual ramp of the shear rate range from 0.01 to 1000
(s-1) with time. To quantify yield stress, an oscillation stress ramp starting from 0.1 Pa and gradually
increased to 1000 Pa. Both tests were measured at 25 ºC; 1 Hz frequency and 0.1 % strain were kept
constant.
Time sweeps were conducted across 20 min to quantify any change in moduli. During, all these tests,
the storage modulus and loss modulus were recorded. Unless stated otherwise, measurements were
performed at 1 Hz and at 0.1% strain.
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3.3.4 Zeta Potential Measurements
The zeta potential measurements of the initial solutions of GG-MA and CHT were determined
by using a Malvern Zetasizer 3000 HS (Malvern Instruments, UK). Each analysis was performed for
120 seconds at room temperature (25 ºC) and with freshly dissolved material each time. For all samples,
multiple tests were performed (n=5) with data represented as the average and errors by the stand
deviation.

3.3.5 Hydrogel Mechanics
GG-MA hydrogels were prepared as described above in Section 3.3.1. Samples were
chemically crosslinked by UV exposure (400 nm, 15.3 mW/cm2, Lumen Dynamics Omnicure lx 400+)
for 60 seconds at an intensity of 15% and constant distance of 5 cm. For all described experiments,
polymer disks (1.5 mm thick and 8 mm in diameter) were produced from laser cut moulds (Laser Plotter,
Universal Laser Systems) prior to tests on the Bioplotter, transparency and shape retention were
subsequently assessed. Immediately after crosslinking, the GG-MA constructs were removed and
mechanically tested.

Figure 3.2: Representation of hydrogel disc preparation. Image obtained from Dinoro et al. (2016).

Compression tests were performed in order to determine the Young’s modulus of UV crosslinked
hydrogels. A 50 N load cell was mounted onto the EZ-S Mechanical Tester (Shimadzu, Japan) and
residual water was removed prior to testing to ensure that no sample sliding would occur. The
cylindrical head used for compression was 30 mm in diameter, approximately triple the diameter of
each sample. The applied force (N) and stroke (mm) were simply translated into stress (kPa) and strain
(%), respectively. To calculate the Young’s modulus, the linear slope of the curve was calculated using
the equation below:
Equation 2: Young’s modulus equation used.

𝐸=

𝐹𝐿0
𝐴∆𝐿

Where:
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E is the Young’s modulus (modulus of elasticity),
F is the applied force,
A is the cross-sectional area (m2),
∆L is the immediate stroke (mm) and,
L0 is the original height of the sample.
When the samples showed deformation during compression, the Poisson’s ratio was used to measure
the Poisson effect, in which the material expands in directions perpendicular to the direction of
compression. Typically for hydrogel materials that exhibit viscoelastic behaviour, it has been reported
that a Poisson’s ratio of 0.5 can be assumed (Gabler et al., 2009). However, since the high elastomeric
character of particular polymer networks, the equation below was used:
Equation 3: Poisson’s ratio

𝜈= −

𝑑𝜀𝑡𝑟𝑎𝑛𝑠
𝑑𝜀𝑎𝑥𝑖𝑎𝑙

Where:
ν is the Poisson’s ratio, for example in the XY direction,
ɛtrans is the transverse strain (positive for axial compression), and
ɛaxial is the axial strain (negative for axial compression).
Finally, the work of compression was calculated as the area under the stress-strain curve until breaking
point. For all samples, multiple tests were performed (n=5) with data represented as the average and
errors by the stand deviation.

3.3.6 Transparency Characterisation
Multiple studies were performed on a UV-Vis spectrometer ranging through the entire visible
light spectrum (390 to 700 nm). These included both crosslinked and non-crosslinked GG-MA samples,
as well as the GG-MA/CHT fibre bundle hydrogel. All were mounted at a 90º angle and held within a
laser cut (Laser Plotter, Universal Laser Systems) mould to prevent any material from escaping. An
optics slide was placed on top to provide a flat surface and prior to sample trials baseline tests were
performed with air.
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3.4 Adapting an Existing Extrusion Printer and Design Process
3.4.1 Design Requirements
The principal design requirement for a bifurcating microfluidic device capable of being
mounted onto an existing 3D-positioning extrusion printer involved combining the properties of
oppositely charged polyelectrolytes and microfluidic technology. The microfluidics required enabling
the direction of flow of each oppositely charged polymer separately and their merging via two oblique
channels. Each material flow rate was established at a 1:1 ratio for both efficient fibre formation and
without blocking of the channels. As such, a mechanically-driven motor (Nema11 Non-Captive Linear
Stepper Motor) was selected for direct control over the flow of hydrogels extruded from the nozzle and
to control the extrusion from parallel syringes loaded side by side. To better understand the printing of
these hydrogel fibres at room temperature (25 ºC), the specific nozzle components were not required to
be temperature controlled. However, the heat generated from the mechanically-driven motor was
monitored due to being in direct contact with the print head. Thus the print head was designed at a
specific length (110 mm) between the material loaded syringes and stepper motor to limit any heat
transfer and therefore avoiding interference at the location where syringes were mounted (See Figure
B.7 and B.21, Appendix B).
Fabricating a microfluidic device ranging between 200 µm to 1000 µm was shown to be difficult (due
to channel blockage) with the printers available, therefore the applicable inner diameter of 1000 µm
was selected. In addition UV LEDs (395 nm) were designed to be mounted inside the nozzle tip directly
adjacent to the microfluidic channels (Figure 3.4) to aid the stabilisation and increasing handling of the
produced fibres.

3.4.2 Computer-Aided Design
Briefly, component designs for all microfluidic devices and print head mount was explored
using a computer-aided design (CAD) software package (Solidworks 2018, Dassault Systèmes). This
software enabled the virtual design of each component in three-dimensions and allow for the generation
of a tessellated geometry (.STL) file, which is further sliced into numerous layers to produce a suitable
tooling path for printing. These components, including (a) the microfluidic devices, and (b) specialized
print head with plunger platform to allow for mechanical-driven control/ dispensing, were fabricated
using an SLA printer (Form 2, Formlabs) and a commercial FDM thermoplastic printer (uPrint plus by
Dimension, Stratasys), respectively.
A second (commercially manufactured, Ramé-hart instrument co.), bifurcating nozzle design
was also explored for fibre formation via the mechanically driven set up (Figure B.1, Appendix B). The
microfluidic dimensions included a 45o merging angle with each inlet of 1.2 mm inner diameter stepping
down to a 0.4 mm inner needle diameter. Figure B.1, Appendix B, shows a schematic of initial, nozzle
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designs. These commonly made spinnerets were investigated and compared, as another method, to the
SLA approach. Given that most printers use single material extrusion methods, and that this project is
investigating two hydrogels, additional complexities must be considered when creating the microchannels. Therefore, SLA was the most ideal method for this work to fabricate numerous iterations in
order to assess fibre formation.

3.4.3 Ad hoc Printer and Final Component Concepts
Due to available facilities and resources an existing FDM extrusion printer, Me3D, was sourced
to provide the basic XYZ translation movements for this project. This included an open source package
and XY movements unchanged, the Z-axis was changed via introducing a lead screw mechanism and a
new printing base was laser cut (Laser Plotter, Universal Laser Systems) to provide slits for microscope
glass slides. Overall making this selected printer approach relatively inexpensive. The ability to control
the operating software (Matter Control, MatterHackers) through ‘G-code’ allowed for motorised axes
to be translated according to a certain set of parameters, namely defining the a location to which it
should move as well as the speed and path it should take. Moreover, the feed rate (mm/s) and extrusion
distance (steps/mm) of the mechanically driven piston was cable of being optimised to match the flow
rate required for the adequate extrusion and formation of fibre bundles of interest.

Extrusion
Nozzle
Hydrogel Fibre
Bundle

Figure 3.3: Overview of the modified extrusion printer with all CAD components fabricated and assembled.

The degree with which the printer had to modified would not have been possible on commercially
available printers. Instead, this printer offered an open-source and modification friendly approach for
customisation. Furthermore, due to its size, the potential scope of this included easy placement inside a
sterile hood when encapsulating cells within an optimised bioink.
Multiple final ‘bifurcating nozzle’ conceptual designs were explored for microfluidic studies. The first
included a 1 mm inner diameter and 45º merging angle, i.e. to investigate similar conditions proposed
by Sant et al. (2017). The second involved a co-axial approach whereby the outer channel enveloped an
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inner channel (for schematics see Figures B.2-B.6, Appendix B). The inner channel was cut shorter
inside the outer channel to provide a better mixing/merging point for the two solutions. Each nozzle
design component was characterised on a bench-top syringe pump (Legato 180 Syringe Pump, KD
Scientific) set up with inlets depicting a pitch of 42 mm to accommodate direct attachment to the dual
syringe loading onto the syringe pump (Figure 3.4). These nozzles were 3D-printed in an ivory-white
material and schematics can be seen in Appendix B. The pitch between inlet connections was redesigned
(~27 mm) for use in the actual printer set up and 3D-printed in a proprietary clear resin, supplied by
Formlabs, to provide a translucent view of the interior channels and flow of materials.
Equation 4: Steps/mm ratio calibration

𝛮=

𝑖
𝑚

Where:
N is the calibrated steps/mm,
𝑖 is the initial steps/mm used, and
𝑚 is the slope, for calibration that should equal one.

3.5 Hydrogel Fibre Bundle Formation and Printing of Scaffolds
3.5.1 EnvisionTEC 3D Bioplotter Characterisation
The aforementioned selected hydrogels (low GG-MA, 4% DS, and medium GG-MA, 13% DS)
were printed with an EnvisionTEC 3D bioplotter. Extrusion was driven by pneumatic pressure and
positioning was controlled by a XYZ robot head. Cartridges were used with 200 μm diameter nozzletips. The speed of extrusion began at 10 mm/s and adjusted until porosity was established. The pressure
was determined at 25 ºC (RT) by printing 10 mm x 10 mm x 1 mm grids until a porosity spacing of ~1
mm was also achieved. The printed constructs were crosslinked by 60 seconds exposure to UV light
(400 nm, 15.3 mW/cm2, Lumen Dynamics Omnicure lx 400+).

3.5.2 Scaffold Creation
The EnvisionTEC 3D bioplotter was used to generate scaffolds of GG-MA with varying degree
of methacrylations. For the single extrusion of material, the printing parameters were optimised
heuristically by refining the pressure and speed to induce the optimal print resolution. It was determined
that both the hydrogel materials would be printable at room temperature (25 ºC), therefore a temperature
of 25 ºC was kept constant. The Bioplotter’s software was used to slice 10 mm x 10mm x 1 mm square
lattices and produce a tooling path for fabrication. Once printed, the scaffolds were UV crosslinked
(400 nm, 15.3 mW/cm2, Lumen Dynamics Omnicure lx 400+) for 60 seconds at a constant distance of
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5 cm and intensity of 15%. Struts and pore diameters for all printed constructs were analysed via optical
microscopy (Leica M205A Optical microscope).

3.5.3 Hydrogel Fibre Formation
To replicate the natural self-assembly of native collagen, CHT was implemented to ionically
crosslink along the anionic GG-MA backbone. As depicted in Figure 3.4, a CHT solution and a specific
degree of methacrylated GG-MA solution, as prepared in Section 3.2.1, were directed in each inlet of
the microfluidic device with two channels (1 mm diameter) and the flow maintained with a dual head
syringe pump (50 mL.h-1).

Three microfluidic devices were investigated - an example of one can be seen in Figure 3.4 all of which were fabricated using the Formlabs Form2 printer (see Section 4.1). Additionally, Figure
3.4 shows that UV LEDs were placed at a distance close to the micro-channels. Tests were performed
to measure the stabilisation of these fibre bundles by UV exposure prior to printing.
Luer lock
connections
CHT

Mixing
GG-MA

UV-LED

Figure 3.4: A representation of the microfluidic set up on the dual head, bench top syringe pump. Shown in blue and
red are the polymer solutions for CHT and GG-MA, respectively. At the modified junction the two materials are
directed into one another and merge (purple) to promote aligned complexation of PEC fibre bundles. Three UV-LEDs
were placed around the mixing reservoir at a set distance of 300 μm when adapted for printing setup.

When conducting these tests the syringe pump was mounted vertically to establish the same gravimetric
and flow properties as the target 3D-printer setup. At the designed position, where these two solutions
come into contact, the oppositely charged chains of GG-MA and CHT interact through electrostatic
forces. These formed fibres were extruded onto glass slides and stabilised further by additional exposure
to UV light (400 nm, 15.3 mW/cm2, Lumen Dynamics Omnicure lx 400+) at an intensity of 15% for 60
seconds.
To explore the printability of the material, the extrusion of one strand was investigated. Fibre bundle
strands were fabricated with different GG-MA/CHT hydrogel concentrations and different ratios in
30

order to establish efficient fibre formation. For flow rate and fibre volume measurements, a fixed and
straight length of 30 mm was printed.

3.6 Hydrogel Fibre Bundle Characterisation
3.6.1 Fibre Volume
Optical microscopy was employed to measure the average diameter for all GG-MA/CHT fibre
bundles and used to calculate the fibre volume over a fixed fibre length between 10 mm and 30 mm.
This method assumed a consistent fibre cross-section.

3.6.2 Flow Rate
The flow rate for the formation of these fibres was investigated via two methods. The first
method utilised the same flow rate from the literature (50 mL.h-1) as a starting point, which was shown
to produce consistent fibre widths (Sant et al., 2017). This method was established using the bench top
syringe pump (Figure 3.4) prior to the customised mechanically-driven process on the printer.
Following this, the flow rate was further optimised via the feed rate (mm/min), i.e. by refining the
extrusion distance parameters to obtain a consistent fibre volume and width. The flow rate was
calculated through the equation below.
Equation 5: Equation used to determine flow rate given selected feed rate.

𝐹𝑅 = 60(𝐹. 𝑆. 𝐶𝐴)
Where:
FR refers to flow rate (mL.hr-1),
F is feed rate (mm/min),
S is the no. of syringes (2 in this case) and
CA is the cross-sectional area (cm2) of the syringes.
Due to the complex and dynamic nature of this microfluidic system, partnered with two separate
hydrogels, it is assumed that fibre formation was related to the applied pressure between the two
solutions. Therefore, conceptually, with increased flow rate, more mixing would occur.

3.6.3 Microscopy Characterisation
Optical microscopy was carried out using a LEICA M205A optical microscope. Measurements
of the fibre bundle diameter were made repeatedly across all samples. SEM microscopy was carried out
using a JEOL JSM-7500FA Field Emission Electron Microscope (FE-SEM) to further investigate the
fibre diameter and morphology. Hydrogel fibre bundle were flash-frozen in liquid nitrogen to maintain
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their structure and freeze-dried for 72 hrs before being sputter-coated with Pd using an Edwards sputtercoater. The images were captured at 15 kV or 20 kV.

3.6.4 Mechanical and Tensile Testing of Fibres
The mechanical strength of fibre bundles was investigated using an EZ-S Mechanical Tester
(Shimadzu, Japan). Freshly prepared fibre bundles (n=6) both in wet and dry state were prepared for
tensile testing. The fibres were dried overnight and cut to a length of 30 mm and 15 mm for wet and
dry tests, respectively. A gauge length of 10 mm was marked and used with maximum applied loading
of 10 N. The fibres were stretched at a constant strain rate of 2 mm/min until breaking point was
achieved. For fibres tested in a wet state, silicon was glued to the ends of wool string and placed in DI
water for 10 min to induce swelling. Optical images of each fibre were captured to accurately measure
their diameter and to calculate the cross-sectional area. Due to an irregular surface their diameters were
averaged over multiple points (n=6). The stress was calculated from the output data of applied force
(N) divided by the cross-sectional area. Also the percentage elongation (strain) was obtained from the
displacement using the equation 6 below. The Young’s modulus, ultimate stress and strain were
determined as depicted in Figure 3.5 below.
Equation 6: Equation used to calculate elongation (strain) of each fibre bundle.

ε=

𝐿
100
𝐿0

Where:
 is the elongation (strain),
L is the immediate length of sample and
L0 is the original length.
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Figure 3.5: An example of Stress-Strain curve labelling ultimate stress, ultimate Strain and Young’s Modulus.
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3.7 Statistical Analysis of Data
Statistical analysis was performed for all data with a sample number n≤5 and more than one
sample taken, and unless otherwise stated they are reported as the mean of successive measurements
including the standard deviation of each. Suspected outliers were identified and rejected based on a
Dixon's Q-Test.
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CHAPTER 4 · RESULTS AND DISCUSSION
Introduction. In this chapter, results from the preliminary studies with GG, development of
printed scaffolds and how different methacrylation levels of GG-MA influence printability will be
presented and discussed as well as the investigation into producing aligned fibre bundles with
microfluidic printing. Firstly, the formulation and printability of GG-MA itself (Section 4.1) will be
evaluated in part one, before continuing on to the investigation of encapsulating a fibre within a
hydrogel using microfluidics in part two (Section 4.2). A full discussion, interpretation and evaluation
of individual results will be assessed as a viable printing method. The results from this chapter will
lead to the overarching conclusions and future recommendations in the concluding chapter (Chapter 5).

4.1 PART ONE: Development of Methacrylated Gellan Gum for Bioprinting
4.1.1 Preliminary Gellan Gum Study
As discussed in Section 3.3.1, a series of ink formulations were prepared and investigated with
varied phosphate-buffered saline (PBS) concentrations to induce ionic crosslinking and ideally prompt
a printable hydrogel. Preliminary results had shown brittle in-homogenous gel formations (Table 4.1).
All ink formulations produced were made homogenous and clear hydrogels indicative of complete
homogeneity. Different material composition influenced the overall shape retention, it was
demonstrated that high levels of shape retention became inconsistent when extruding with a syringe due
to gel fracturing. This was consistent with prior findings by Sylvia van Kogelenberg (2017). These
initial results were significant in establishing that despite having good shape retention if a gel is too
brittle, gel fracturing could occur during the printing process. Subsequently, it is therefore important to
find a balance between both viscosity and shape retention of produced hydrogels.
Table 4.1: Initial and subsequent ink formulations. Concentrations are presented in the final concentration state.

Initial GG tests
0.5 – 2% w/v GG

Viscosity

Homogeneity

Shape Retention

10% w/v PBS

Low

Good

Low

20% w/v PBS

Low

Good

High

30% w/v PBS

High

Good

High

10% w/v PBS

Low

Good

Low

20% w/v PBS

Low

Good

Low

30% w/v PBS

Low

Good

Low

Subsequent GG-MA tests
0.5 – 3% w/v GG-MA

*Note: Further tests and supporting figures can be found in Appendix A.

To take a different approach, GG was methacrylated to produce a more flexible and less brittle hydrogel
as well as allowing for UV crosslinkability. Studies within the literature have described that GG-MA
has highly tuneable mechanical properties and have shown prominent use within the tissue engineering
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field (Coutinho et al., 2010; Kirchmajer, 2013; Silva-Correia et al., 2013; Stevens et al., 2016). It was
therefore of interest to make this hydrogel into a printable ink and establish a biofabrication protocol.

4.1.2 Methacrylation of Gellan Gum, FT-IR and 1H NMR Characterisation
As previously mentioned GG (Section 3.2) can be easily functionalised, the main disaccharide
repeating unit of gellan gum contains two reactive hydroxyls that can be readily chemically substituted.
Both methacrylic anhydride (MA) and glycidyl methacrylate (GMA) have been shown to be successful
in the chemical modification of GG (Bacelar et al., 2016). Based on these properties, MA was selected
for functionalisation of samples within this study due to accessible materials. A low methacrylated GG
with 4% degree of substitution (DS) was supplied by Stemmatters Pty Limited (Portugal) and various
methacrylated GG (6% - 19% DS) were synthesised as described in Section 3.2.1. Characterisation of
each GG-MA is detailed below. The method used for calculating the DS is derived from previous
publications (Coutinho et al., 2012 & Sant et al., 2017), where all of the reactive OH groups within the
tetramer are accounted. As a result, 4% DS is classified as a low degree of substitution and 19% DS
represents a high degree of substitution within literature.
FT-IR Characterisation. The chemical characterisation of all GG-MA samples showed that
methacrylation was evident at various intensity levels in both low and high methacrylated GG samples.
Figure 4.1 shows the shifting and emergence of functional peaks in the representative spectrum of each
GG-MA compared to purified GG.
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Figure 4.1: FT-IR spectral analysis of purified GG (bottom) and different level of methacrylated GG-MA samples, with
4% DS (middle) and 18% DS (top).

For all respective samples, a broad peak at 3000-3500 cm-1 is observed indicating the presence of O-H
stretching of hydroxyl groups of the gluco-pyranose ring. In the case of purified GG, the peaks at 1614
cm-1 and 1419 cm-1 indicate the presence of asymmetric and symmetric carboxylate anion stretching,
respectively (Yang, Xia, Tan, & Zhang, 2013). It can also be seen in each of the other IR spectra above
that methacrylation of GG was evident due to the appearance of strong methacrylate groups at ~1710
cm-1 but not found in the GG spectra. Furthermore, the increased intensity of the C=O ester bond peaks
in relation to the broad O-H peak correlated to an increasing degree of methacrylation (Coutinho et al.,
2010).
1

H NMR Characterisation. Following these results, the methacrylation of GG was also

investigated by analysis of purified GG and modified GG-MA via 1H NMR spectra. GG-MA (4% DS)
was not investigated due to it already being characterised with 0.44 methacrylate groups per repeating
tetramer unit. The spectra of GG, obtained at 70 ºC (Figure 4.2A), showed the presence of four
characteristic peaks that correspond to -CH of rhamnose (5.29 ppm), -CH of glucuronic acid (5.10 ppm),

37

-CH of glucose (5.87 ppm) and -CH3 of rhamnose (1.45 ppm). 1H NMR spectroscopy of GG-MA
(Figure 4.2B) clearly established the methacrylation of GG by the appearance of distinctive peaks in
the double bond region (between 5.50 and 7.00 ppm) and a sharp peak that corresponds to the -CH3 of
the methacrylate groups (2.09 ppm) on both modified GG methacrylate spectra. Figure 4.2B and 4.2C
shows the 1H NMR spectra of GG-MA synthesised between different batches, respectively, indicating
reproducibility from batch to batch.

A

3

3

B

3

2

C

3

3

2

Figure 4.2: 1H NMR spectroscopy data with associated water suppression obtained at 70 ºC. All samples analysed with
10 mg/mL D2O with 256 scans. (A) Purified GG spectra (B) GG-MA spectra – Batch 1 (C) GG-MA –Batch 2 spectra
synthesized with 8% v/v of MA. Numbers adjacent to peaks indicate the amount of hydrogen protons present. Relative
degrees of substitution were determined from the comparison of integrals between shown protons and the native
rhamnose methyl protons.

The DS was calculated (Equation 1) by the ratio of the average intensity of the methyl proton peaks of
the methacrylate groups over the average intensity of the methyl groups of the rhamnose (-CH3). It can
therefore be assessed that 8% v/v of MA results in ~2.10 methacrylate groups in each repeating unit of
the GG-MA samples, suggesting that both readily available hydroxyls of the carboxyl groups on the
glucose units are being methacrylated. As mentioned in Equation 1, the spectra above correspond to an
approximate DS percentage of 19.09±0.18% which is considerably higher than that reported by
Coutinho et al. (2010). By modulating the amount of MA, a lower methacrylated product could be
achieved (Figure A.4 and Figure A.5, Appendix A). With 4 ml/g of MA, the degree of methacrylation
was lowered to 13.11±0.39%, this translated to 1.44 methacrylate groups per repeating tetramer. This
method established the ability to methacrylate GG, however, it still retains the negative charge present
by the remaining carboxyl groups. Not only was this an important characteristic when formulating inks
for printing for part two (Section 4.2), i.e. where GG-MA will be complexed with another polymer that
is oppositely charged, but also for ionic crosslinking with calcium ions. It should be noted that all –OH
sites (n=11) in the GG structure were accounted for when calculating the level of methacrylation.
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Another method is to simply account for the two readily available –OH sites, making degree of
substitution at around ~50%. However, to be able to compare with literature the prior method was used.
Recently, Dinoro et al. (2016) successfully showed that the methacrylation of ulvan hydrogel was
increased through the use of dimethylformamide (DMF) as a co-solvent to better control the degree of
functionalisation. It has also been previously reported that DMF, as a co-solvent, makes methacrylation
reactions more efficient. Due to increasing the solubility of MA in the solvent mixture and also
attributing to the fact that DMF is a swelling agent for polymer chains including that of GG
(Hamcerencu, Desbrieres, Khoukh, Popa, & Riess, 2008). Table 4.2 summarises the 1H NMR
characterisation of each reaction carried out. In addition, the effect of DMF on the level of
methacrylation was evaluated.
Table 4.2: DS of methacrylated GG, including experiments with DMF as a co-solvent to better control the level of
methacrylation.

Reaction
1a
1b
2a
2b
3a
3b
4a
4b
5a
5b

Amount
of MA
(mL/g)

Solvent Mixture
Ratio (%)
(H2O:DMF)

8

100

-

4

100

-

4

90

10

2

90

10

4

70

30

DS (%)
18.96
19.22
12.85
13.41
9.49
10.95
7.29
6.91
9.64
10.82

±0.18

Literature DS
(Coutinho et al.,
2010)
11.25%

±0.39
±1.04
±0.27
±0.84

*Standard deviation for GG-MA batches: SD±0.55. All reactions were carried out at 50 ºC for over 6h, and
performed in duplicate to investigate rewproducibility. 1H NMR spectra can be found in Appendix A.

It was shown that at the same GG concentration, the DS of synthesised GG-MA with DMF was
significantly weakened (Figure A.6-A.11, Appendix A). Conversely, the results with the DMF mixture
were significantly lower when compared to that reported by Coutinho et al. (2010) for high
methacrylated GG-MA without DMF. This established a method for controlled methacrylation, i.e.
combining DMF mixture when using the same molar equivalents of MA. It also showed that DMF is
more efficient at holding the pH 8.0 during the reaction and less NaOH is required to maintain this pH
level. However, a disadvantage of this approach was less methacrylated GG-MA product and a
significantly less transparent hydrogel (Figure A.12, Appendix A). Therefore to be able to test the effect
of methacrylation has on printability a high concentration of GG-MA (19% DS) and low GG-MA (4%
DS) was selected.
For explanation purposes, the GG-MA (4% DS) and GG-MA (19% DS) will be denoted as low and
high, respectively, throughout the remainder of this section.
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4.1.3 Ink Formulation and Bench Top Tests
Considering previous PBS blend studies, both low and high methacrylated GG hydrogels were
investigated with UV-crosslinking and physical (ionic) crosslinking. Both these two methods were
investigated in terms of printability and shape retention after extrusion. While Irgacure (I2959) is
biocompatible and is a common photo initiator within the biofabrication community it was not used
within this study due to low solubility and requires a lower wavelength (below 360 nm) for optimal
crosslinking outside of the visible light region. Instead the radical photo-crosslinking of GG-MA with
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was the chosen photoinitiator having been
shown to include better cell viability and crosslinks at 400 nm (visible - blue region) wavelength
(Chandler et al., 2011; Rouillard et al., 2011). The optimal wavelength for LAP is 375 nm, however as
reported by Chandler et al., there is an additional absorbance peak at 400 nm it allows for hydrogel
crosslinking within the visible light region as well. Where it was shown that LAP has two absorbance
peaks. The concentrations of 0.06% or 0.12% v/v have been have thoroughly investigated previously
by Maher et al. 2016, and the same protocol was used to ensure repeatability. As the cytocompatability
of LAP depends on photoinitiator concentration, light exposure energy and the free radicals generated
and requires an in-depth study which was not part of this thesis the previously studied concentrations
were selected with reference to literature stated above. Results demonstrated that hydrogel stiffness
dramatically increased with DS due to the increased amount of crosslinkable methacrylate groups when
using a UV intensity of 15% for 60 seconds. This is supported by a previous study by Coutinho et al.
(2010), where the mechanical properties of both low methacrylated and high methacrylated GG showed
significantly different compression moduli. As seen by Figure 4.2C, the high GG-MA synthesised with
8% v/v of MA has a much higher degree of methacrylate groups (19% DS) resulting in a stronger
hydrogel when UV crosslinked for 30 seconds at 15% UV intensity (Figure 4.3). When partnered with
a lower percent (0.06% w/v) of LAP, an observable hydrogel disc was produced.
A

B

Figure 4.3: UV crosslinked GG-MA with 0.12% w/v LAP and 15% UV intensity. (A) 1% w/v high GG-MA (19% DS).
(B) 2% w/v high GG-MA (19% DS). Scale bars are 1 mm, respectively.

Varied concentrations of GG-MA were also investigated with LAP for UV crosslinking. Results
indicated that sufficient crosslinking with both 1% and 2% w/v high GG-MA (Figure 4.3), allowing for
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both samples to be handled after crosslinking. However, it was found 0.12% w/v LAP resulted in
extremely brittle crosslinked discs. Hence, it was determined 0.06% w/v LAP is ideal and preferred
concentration when partnered with cells in future studies. Figure 4.4 shows that 2% w/v low GG-MA
(4% DS) holds a much lower UV crosslinking ability at the same parameters of 0.06% w/v LAP and 30
seconds UV exposure. It could be seen that the resultant hydrogel was considerably softer providing a
better stiffness for future potential cell growth for encapsulation. In situ crosslinking rheology was
carried out to quantify the concentration of these formulations independently (see Section 4.1.4).

Figure 4.4: Side View (left) and top view (right) of small 1.5 mm thick discs of low GG-MA with 0.06% v/v LAP UV
crosslinked within scaffolds on the bench top. Scale bars are 1 mm, respectively.

The physical, or ionic, crosslinking method was also investigated in order to identify a printable ink
formulation. It was quickly established that after methcrylation of GG, GG-MA becomes very water
soluble, effectively shifting the temperature sol-gel window (~30 ºC) closer to room temperature (seeing
supporting rheology Section 4.1.5). This can also correspond to a reduction in hydrogen bonding
between the polymer networks. Upon the addition of CaCl2, high GG-MA was found resilient compared
to the purified precursor (GG) formulated in the previous preliminary studies. This is indicative of the
reduced level of crosslinking as a result of reduction of negatively charged species (Stevens et al., 2016).
As shown in Table A.2 (Appendix A), combinations of low GG-MA and CaCl2 resulted in brittle, inhomogeneously crosslinked hydrogels similar to the results produced by Sylvia van Kogelenberg
(2017). Microgel formation occurs which negatively impacts extrusion as it appears to no longer be a
uniform gel. As already mentioned, these attributes are dependent on the degree of substitution via
methacrylation, thus, characterisation via rheology was used to gain a better understanding.
From this study, however, CaCl2 was decided not to be a viable option to aid in the printability of GGMA due to local microgel formation causing inconsistent printing. Temperature and polymer
concentration has been explored in this study to improve viscoelasticity of GG-MA formulation. Ideally
the GG-MA ink will be liquid at ca. 37 ºC for the encapsulation of biological cells and have printable
viscosity at room temperature (RT). This printing temperature allows for processability from
preparation to printer and for a stabilised hydrogel during the printing process. Chemical UV
crosslinking has also been employed for stabilisation of the 3D printed hydrogel structures after
extrusion.
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4.1.4 In-situ Crosslinking Kinetics
The crosslinking kinetics of both low GG-MA (4% DS) and high GG-MA (19% DS) was
assessed by in-situ rheology for comparison. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
was selected as the photo-initiator as previously mentioned (Section 4.1.3). Cell friendly concentrations
of 0.06% (v/v) and 0.12% (v/v) LAP were tested to measure the degree of crosslinking over time. Figure
4.5A shows a marked increase of storage modulus for both low GG-MA samples upon exposure of the
UV lamp at 60 seconds. It should be noted that crosslinking continued to occur after the UV light source
was switched off. The 0.12% (w/v) LAP at 200 seconds the storage modulus is noticeably higher by
215 Pa (actual 478±6.2 Pa). While 0.06% (v/v) LAP only reached 263±15.4 Pa after 200 seconds
exposure to UV light. In principal, this is expected, as high amounts of LAP will crosslink more
methacrylate side groups. Figure 4.5B indicates a higher degree of crosslinking and that photocrosslinking of high GG-MA can be achieved considerably stronger via the same LAP concentrations.
Comparison of both Figure 4.5A and B shows more rapid crosslinking kinetics and results in stronger
hydrogels. One factor for comparison is the time required for achieving 50% increase in storage moduli.
This is due to more methacrylate groups being accessible for chemical crosslinking between each of the
polymer backbones, as such 0.06% v/v LAP with high GG-MA plateaued at 4459±23 Pa, while 0.12%
v/v LAP was significantly higher at 6503±21.1 Pa after a duration of 200 seconds has elapsed and
increases thereafter. These results further support that the level of methacrylation influences the overall
crosslinking of the respective hydrogels.
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Figure 4.5: In-situ rheology demonstrating the crosslinking kinetics of (A) 1% w/v low GG-MA hydrogel and (B) 1%
w/v high GG-MA over time. LAP concentrations of 0.06% w/v and 0.12% w/v were selected. All tests were completed
at 25 ºC (RT).

Moreover, it can be seen between 0 and 60 seconds the storage modulus was increasing slowly over
time. This is likely attributed to the hydrogel crosslinking within normal light or due to evaporation and
effectively drying the material. It would be an interesting study for future strategies in printing, i.e. to
slightly cure during extrusion and partly cure a single layer as clearly timing has an effect. For this
thesis it was sufficient to understand the effect of UV upon exposure.
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Typically, in biomedical applications, in particular bio-printing, minimal photo-initiator concentration,
light exposure time and energy are preferred for reducing any chance of adverse effects to cells and
function (Bryant, Nuttelman, & Anseth, 2000). Furthermore, the overall stiffness can greatly affect the
cell compatibility of hydrogels. In addition, the rheological properties and cell viability can be affected
with UV light intensity and exposure time (Bryant, Nuttelman, & Anseth, 2000). Where in the presence
of low intensity initiating light and low exposure time are the most promising cytocompatible UV and
visible light parameters. By establishing a low UV intensity and minimal exposure time prior to future
cell studies, both high and low GG-MA can be advantageous in the application of tissue engineering
and regenerative medicine, for example, low GG-MA may produce a more permissive environment for
cell encapsulation providing better cell metabolism. High GG-MA may provide a more rapid photocrosslinking kinetics and stronger mechanical support. As a result, exposure to UV light of 400 nm, at
an intensity of 15% (2.25 mW/cm2) for 60 seconds was used as compared to 6 mW/cm2 found in
literature (Bryant, Nuttelman, & Anseth, 2000). These aspects are dependent on respective applications
and may require further modification of materials to match specific target tissues. To increase the
mechanical properties of low GG-MA, in regards to the cornea, and to make the constructed scaffolds
more tangible after printing and UV crosslinking, it was selected that the printed hydrogel be submerged
into a PBS solution or cell culture medium to softly-ionically crosslink the scaffold and stabilise its
shape.

4.1.5 Rheology Characterisation
To better understand the viscoelastic characteristics of the GG-MA hydrogel the rheological
properties were evaluated to help measure the overall printability. Printing of hydrogels has become
increasingly significant in biofabrication, as such, rheology has been identified as a principal tool in
understanding the fluidic behaviour of polymer-based hydrogels for bio-printing (Mouser et al., 2016).
Typically, optimal printability for hydrogels demonstrates a viscoelastic solid-like behaviour at low
shear rates (Stokes et al. 2011).
Temperature and Time. In terms of temperature there are ideal rheological requirements for a
hydrogel to be a viable bioink. These involve it being fluid-like at 37oC for preparation, which allows
for encapsulating cells within the hydrogel (Mouser et al., 2016). Secondly, the hydrogel must exhibit
a viscoelastic solid-like behaviour at lower temperatures. For example, Maher et al. (2016) investigated
this concept for a methacrylated gelatin (GelMa) hydrogel, which exhibited a liquid-like behaviour at
37 ºC and printable temperature at approximately 15 ºC, relative to the concentration of GelMA. In
contrast to that, the synthesised GG-MA was characterised for a printable temperature at room
temperature (25 ºC).
To study the thermal behaviour of GG-MA, temperature sweeps were performed for GG-MA at
different degrees of methacrylations as well as varying polymer concentrations of each. This included
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low GG-MA (4% DS) at varying polymer concentration from 1-4% w/v, GG-MA (13% DS), with
polymer concentrations of 2.5-7.5% w/v and high GG-MA (19% DS) at 2-4% w/v polymer
concentrations. It should be noted that the concentration range for GG-MA (13% DS) was much wider
due to the immediate response that gelation could not occur at low concentration levels. The high
methacrylate GG-MA (19% DS) showed no response to temperature and required extensively high
polymer concentrations to increase its storage modulus (Figure A.13A, Appendix A) since this was not
part of this project scope this was not investigated further. GG-MA (13% DS) was then selected as a
middle ground between both low and high GG-MA to better analyse the effect on printability over
varied degree of substitutions. Figure 4.6A and B shows the temperature sweep of low GG-MA (4%
DS) and GG-MA (13% DS), respectively. Both demonstrate a similar overall trend with storage moduli
(G’) being relatively high at low temperatures and decrease with increasing temperatures, which follows
the thermally reversible nature of GG. Moreover, it can also be seen that an increase in polymer
concentration is correlated with an increase in the storage moduli.
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Figure 4.6: Temperature sweeps from 5 to 45 ºC with a constant heating rate of 2 ºC/min ramp and a constant frequency
of 1 Hz and strain of 0.1%. Subsequent polymer concentrations of (A) low GG-MA and (B) medium GG-MA were
evaluated (n=1).

A negative control was established for the difference in the degree of methacrylation (Figure 4.6A, blue
line, and 4.6B, black line), this involved 2.5% w/v low GG-MA and 2.5% w/v GG-MA (13% DS,
between high and low). As expected, it can be shown that a higher degree of methacrylation a lower
modulus (10.65±4.89 Pa) is evident when compared to low GG-MA (588.10±16.67 Pa) at room
temperature (25 ºC). Therefore, to induce better printability (a stiffer gel) higher polymer concentrations
are required relative to the degree of methacrylation. Thus it can be inferred that low GG-MA retains
more of the precursor GG characteristics and properties when only 4% degree of substitution is evident.
The low GG-MA hydrogel can be seen as the most desirable for printing in terms of its viscoelastic
behaviour within the temperature range (5-45oC). Figure 4.6A shows a broad temperature window in
which low GG-MA behaves as a viscoelastic solid (≥1000 Pa) at low temperatures and a viscoelastic
liquid at ≥ 35 ºC. It was found that a polymer concentration of 7.5% w/v, GG-MA (13% DS) was able
to provide a similar modulus above 1000 Pa at 25 ºC. This is suitable for extrusion-based bioprinting at
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room temperature. Comparing both Figure 4.6A and 4.6B, this indicates that low GG-MA is prone to
temperature influence where as high GG-MA loses this ability to an extent. As described earlier, an ink
formulation that allows for accurate printing at room temperature is ideal, this means holding a storage
modulus value greater than 1000 Pa at RT (Kyle et al., 2017), hence 3% w/v low GG-MA and 7.5%
w/v GG-MA (13% DS) were selected for all further rheological tests and conducted at 25 ºC (RT). This
highlights the advantage of the GG-MA ink in practical applications, making it more applicable to a
variety of printing hardwares that do not have temperature controls. Moreover, these results describe
that modulation of the level of methacrylation can provide a facile approach to control and fabricate 3D
constructs without being reliant upon a temperature controlling mechanism during printing, which can
typically increase the complexity.
Following this selection, a time sweep was conducted to establish the stability of the freshly prepared
3% w/v low GG-MA hydrogel at room temperature at a constant frequency of 1 Hz and strain of 0.1%
(Figure A.13B, Appendix A). Three individual samples were tested for over 20 minutes and showed
relative consistent moduli. This shows no relative change to the hydrogel, confirming its stability under
ambient conditions. The similar case was determined for 7.5% w/v GG-MA (13% DS), as depicted in
Figure A.14A, Appendix A.
Strain and Frequency. A strain sweep (Figure 4.7A and B) between 0.1 % and 1000 % was performed
to investigate the linear viscoelastic region for both GG-MA precursors of interest. To accurately
evaluate the relationships between molecular structure and viscoelastic behaviours it requires
rheological measurements to be conducted within this region (Agirre-Olabide, Berasategui,
Elejabarrieta, & Bou-Ali, 2014), therefore making the viscoelastic properties collected independent of
imposed stress or strain levels. Following this, the viscoelastic region for both 3% w/v low GG-MA
(4% DS) and 7.5% w/v GG-MA (13% DS) was found to reach up until ~6% strain, before undergoing
complete deformation.
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Figure 4.7: (A) and (B) shows a strain sweep with storage modulus (G’) and loss modulus (G”) as a function of strain
for low GG-MA (4% DS) and medium GG-MA (13% DS), respectively. (C) Frequency sweep showing storage modulus
(G’) and loss modulus (G”) as a function of frequency at room temperature (25 ºC) for low GG-MA (4% DS). Data
points represent the average values and the error bars are the standard deviation (n=3).

Based on these results, a strain of 0.1% was selected for all remaining rheological tests, including the
subsequent frequency sweep (Figure 4.7C). A frequency range of 1 to 100 Hz was selected, further
classifying 3% w/v low GG-MA (4% DS) as a viscoelastic solid-like gel at room temperature (25 ºC).
A similar trend was shown for 7.5% w/v GG-MA (13% DS) as seen in Figure A.14B, Appendix A.
Figure 4.7C shows the storage modulus for low GG-MA gradually increasing from 1 to 100 Hz and
with a phase angle of ~12.3º±0.6, which further indicates the material is elastic-like, rather than viscous.
Flow and Stress. A crucial property for hydrogel bioinks for extrusion printing is holding a shearthinning behaviour upon increased shear rate levels (Kyle et al., 2017). This ultimately classifies the
material as a non-Newtonian viscoelastic fluid (pseudo-plastic). This was found to be the case for both
ink formulations where a shear rate sweep (Figure 4.8A) was performed and flow profile plotted,
demonstrating that the viscosity decreases as shear rate increases.
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Figure 4.8: (A) Flow profile showing the shearing-thinning effect of 3% w/v low GG-MA (4% DS) and 7.5% w/v GGMA (13% DS) during shear rate sweep at a constant room temperature (25 ºC). Viscosity (Pa.s) decreases as the shear
rate increases. (B) Yield stress measurement showing the yield point of 3% w/v low GG-MA hydrogel (~50 Pa) and
7.5% GG-MA (13% DS, ~126 Pa). Data points represent the average values and the error bars are the standard
deviation (n=3).

Upon determining that both hydrogels exhibit a shear-thinning effect, it was important to understand
the minimal shear stress necessary to induce flow of the hydrogel. The yield stress was evaluated for
both 3% w/v low GG-MA (4% DS) and 7.5% w/v GG-MA (13% DS) at room temperature (25 ºC).
Figure 4.8B depicts the level of shear stress at which each polymer network undergoes reorganisation
and changes from a viscoelastic fluid to a plastic state. The yield point for low GG-MA (4% DS) was
assessed to be ~50.11 Pa and for medium GG-MA (13% DS) to be ~125.70 Pa. These yield points
ultimately determine that both hydrogels are overcome by the applied stress and begin to flow at
different stress levels. This is estimated to be due to GG-MA (13% DS) requiring higher polymer
concentrations to be printable and thus an increased polymer content. Furthermore, it indicates that at
stress levels below the yield point the material will absorb the applied energy before extruding (Mouser
et al., 2016).

4.1.6 Transparency Evaluation
To assess transparency low GG-MA hydrogel samples, both crosslinked and uncrosslinked
were assessed due to the potential application of being used for constructing a human corneal substrate.
It is necessary to evaluate the transparency of the material. At 1.5 mm thickness, the smallest mould
available, GG-MA appears relatively transparent across the visible light spectrum, averaging above
80% (Figure 4.9). Figure 4.9 also shows that there is a slight increase in transmittance after these discs
have been photo-crosslinked. Comparing these results to the native cornea, the average transmittance
across the visible light spectrum is relatively similar with the cornea, which demonstrates its highest
transparency depending on the regulation of collagen fibril growth and spacing of the stroma layer
(Hassell & Birk, 2010).
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Figure 4.9: Average measurement of transmittance (%T) over the visible light spectrum with low GG-MA crosslinked
(black) and uncrosslinked (red). Evaluation performed with 1.5 mm thick discs and repeated at least 5 times.

4.1.7 Printing and Scaffold Fabrication
Following rheological characterization, preliminary scaffold fabrication was investigated. This
was successfully achieved with the EnvisionTEC 3D-Bioplotter. Initial cube scaffolds 10 x 10 x 1 mm
were fabricated with both 3% w/v low GG-MA (4% DS) and 7.5% w/v GG-MA (13% DS) ink
formulations as prepared in Section 3.3.1. A 27-gauge needle was used as the extrusion tip, the cartridge
temperature was set to 25 ºC (RT) and the platform temperature left at room temperature. Results for
3% w/v low GG-MA (4% DS) with corresponding layer thickness can be seen in Figure A.15, Appendix
A. This scaffold was built up to 5 layers with sufficient shape retention and UV curing implemented
between each layer.
Using 7.5% w/v GG-MA, employing the higher methacrylated GG derivative at 13% DS, a lattice
structure with a porosity of 0.92±0.01 µm was successfully achieved. Figure 4.10 shows the individual
layer progression plotted up to 5 layers and UV crosslinked between each layer. Moreover, lower
temperatures were tested for printability, however this significantly impacted the resolution resulting in
either blocking of the tip or beading occurring on the stage instead of a continuous filament. Therefore
it was confirmed that for optimal resolution, scaffold printing was established at room temperature (25
ºC), which was determined through previous rheological characterisation.

Figure 4.10: The individual layer progression of 7.5% w/v GG-MA (13% DS) hydrogel printed with the EnvisionTEC
3D-Bioplotter. Parameters were established at a pressure of 3 bar, speed 10 mm/s and at room temperature (25 ºC).
UV curing followed printing and the structures were exposed for 30 seconds. Images were captured with the inbuilt
Bioplotter camera at each individual layer. Cube scaffolds is 10 mm x 10 mm x 1mm.
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The strut diameter, analysed under an optical microscope, was further evaluated for determining overall
print resolution (Figure 4.11). Through capturing images via optical microscopy it was established that
printing parameters required a pressure of 3.0 bar and printing speed set to 10 mm/s to guarantee a
porosity gap of approximately ~1 mm. Figure 4.11 shows a 10 mm x 10 mm layer with these optimal
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Figure 4.11: Optical microscopy characterisation of printed 7.5% w/v GG-MA hydrogel with strut diameter of
345±7.28 µm. Shows the average strut diameter of 7.5% w/v GG-MA with a 27 gauge needle (internal diameter of 200
µm) at room temperature (25 ºC) with (A) 3 bar pressure and (B) set extrusion speed of 10 mm/s.

It has been described in the literature that when creating intricate lattice structures similar to the
structure created above, pore sizes within the broad range of 100 – 600 µm can promote cell growth
across each pore (Murphy & O’Brien, 2010). Accordingly, when printing each lattice structure a
consistent pore size was established by UV crosslinking between each layer increasing the overall shape
retention of the structure. It was successfully shown when printing at room temperature that this method
allows for a greater resolution, preventing material to merge into neighbouring hydrogel layers. This
keeps the printing process favourable for cell bioprinting as shear forces are not increased with lower
temperatures.
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Another strategy was established for the formation of a membrane structure considering that a potential
application for this project is the human cornea. Using 3% w/v GG-MA (4% DS) it was determined that
by increasing the pressure the strut diameter would increase allowing for minimal porosity formation
upon extrusion (Figure A.16, Appendix A). At 3.0 bar it can be seen that a consistent membrane
formation was successfully achieved with dimensions of 10.26 mm x 10.64 mm x 1.31 mm (Figure
4.12). Following UV crosslinking the printed structure was bathed in 2% w/v CaCl 2, this resulted in
slight swelling of the hydrogel material.

1 Bar

1.5 Bar

2 Bar

2.5 Bar

3 Bar

Figure 4.12: Evaluation of strut diameter vs pressure. Shows an example of each printed structure with different
pressures, starting with 1.0, 1.5, 2.0, 2.5 and 3.0 Bar. Stitched together, this shows the gradual formation of a membrane
structure. Top image is an example of a formed membrane using 3.0 bar.

Another method of membrane formation included decreasing the porosity gap and depositing the
material closer together.
Fabricating these scaffolds to a level of absolute precision was beyond the scope of this thesis. However,
the project validates the feasibility of designing lattice scaffolds with different levels of methacrylated
GG-MA hydrogel. Future work would include making this scaffold creation consistent and
reproducible. Further research is also required to validate its use biologically. A method would be to
functionalise it on an arginine-glycine-aspartic acid (RGD) functional group, a cell attachment motif,
onto the GG-MA hydrogel to promote cellular growth and differentiation (Ferris et al., 2015). This
printing characterisation, however, provided better understanding of GG-MA when extruding at room
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temperature. Furthermore, this is important for investigating the next study found in part two, Section
4.2.

4.1.8 Mechanical Properties
The mechanical characteristics of both GG-MA crosslinked hydrogels (4% DS and 13% DS)
were examined after printing and further compared to the high GG-MA (19% DS) hydrogel.
Compression tests were performed on crosslinked hydrogel disks in laser cut moulds (8 mm diameter,
1.5 mm height) with 0.12% w/v LAP with UV exposure for 30 seconds, which was previously shown
to promote an ideal degree of chemical crosslinking (Section 4.1.4). Table 4.3 shows the absolute values
relating to the ultimate stress and strain as well as the calculated Young’s modulus for all corresponding
GG-MA hydrogel samples. From Figure 4.13A, an example of the stress-strain curves of GG-MA (13%
DS) and GG-MA (19% DS) at the same polymer concentration, visually shows the mechanical
difference between each material. From this data, the calculated Young’s modulus seen in Figure 4.13B
for GG-MA (13% DS) was shown to be 10.90±0.97 kPa, while high GG-MA (19% DS) was
demonstrated to be much greater (143.54±17.19 kPa). Therefore it can be seen a significantly higher
Young’s modulus and lower ultimate stress and strain values were observed with an increase in the
degree of methacrylation.
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Figure 4.13: Mechanical properties of 7.5% w/v GG-MA (13% DS) and 7.5% w/v high GG-MA (19% DS) hydrogels:
Young’s Modulus, Ultimate stress and Ultimate strain. (A) The mechanical properties of the developed hydrogels are
shown to be highly dependent on the degree of methacrylation. (B) Averaged Young’s modulus for the different
crosslinked hydrogel samples. Data is represented in mean±SD (n=3).

The low GG-MA (4% DS) when tested was exhibiting difficulties for mechanical compression, as it
was softly crosslinked and had low shape retention. Therefore the crosslinked hydrogel was soaked in
2% w/v CaCl2, this ultimately produced a hard ionically crosslinked hydrogel. As such the ultimate
stress reached up to 334.2±70.79 kPa and a Young’s modulus of 20.7±2.10 kPa. Conversely, this same
trend can be seen for the ultimate strain (Table 4.3). It should be noted that the low GG-MA (4% DS)
samples did not break, this is indicative of the Poisson effect, where it was observed that the hydrogel
expanded perpendicular to the direction of compression. A Poisson’s ratio of 0.5 for viscoelastic
hydrogels was assumed, which is found to be commonly used in literature (Naficy, Kawakami,
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Sadegholvaad, Wakisaka, & Spinks, 2013). The Young’s modulus can be adapted, however since these
hydrogels expanded quite significantly, the modulus could be further modified. Overall, these values
were found to be similar to those found within literature, including the trend for the degree of
methacrylation (Coutinho et al., 2010). However, the relation to their printability has not been shown.
Table 4.3: The absolute values of the ultimate stress, elasticity and compressive modulus, mechanical values for both
low and high GG-MA samples.

Ultimate
Stress

%
Ultimate
Strain

kJ/m3
Work of
Compression

20.7±2.10

334.2±70.79

95.5±4.45

92.8±12.61

13

10.9±0.97

222.4±8.75

73.3±1.53

146.6±7.81

19

143.54±17.19

91.07±8.59

37.6±3.29

20.9±2.87

kPa

Printing Formulations

DS
(%)

Young’s
Modulus

3.0% w/v GG-MA

4

7.5% w/v GG-MA
#

7.5% w/v GG-MA

#Note this ink formulation was not tested on the Bioplotter.

Following these mechanical tests it was successfully shown that GG-MA could be modified for 3Dbioprinting and the degree of methacrylation can be tuned for specific target tissues with varying
mechanical properties. The combination of different degrees of methacrylation enabled highly tunable
mechanical properties that can be adapted for a wide range of tissue engineering and biofabrication
applications. Furthermore, the degree of methacrylation can also provide a more cell friendly- soft
environment where both cell growth and differentiation can occur.
While these mechanical values were similar to the literature, as mentioned previously, these ranges
were not sufficient for the target application of the cornea. Therefore, following the preliminary
characterisation with GG-MA, it was determined that a robust hydrogel should be able to fabricate
multiple selected tissues. As a result, formulations with different materials should be explored. This is
apparent for gelatin methacrylate, one of the most common bioinks used in biofabrication. Hence, a
novel printing method was investigated to encapsulate a fibre bundle within GG-MA hydrogel partnered
with CHT to increase the overall tensile strength and mechanical properties closer to native anatomical
significance.
Following this, these results are taken into part two, Section 4.2, of this project.

4.2 PART TWO: Methacrylated GG-CHT Fibre Bundle Hydrogel Using Microfluidics
Outline. In this section, using the previously detailed gellan gum material for comparison, a
polyelectrolyte methacrylated gellan gum-chitosan hydrogel with enhanced mechanical properties was
investigated to be a potential source material to access target tissues, such as cornea, nerve and muscle.
Firstly, the microfluidic self-assembly device to form target hydrogel fibres that mimic the natural
assembly of collagen within the body is described (Section 4.2.1), which includes an outline of the print
head design process. This is followed by a number of necessary sub-system elements including: a
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microfluidic study (Section 4.2.2), in-situ UV LED stabilisation (Section 4.2.3), physiochemical
(Section 4.2.4) in addition to rheological characterisation (Section 4.2.5). The final printer developed
for this project will be detailed in Section 4.2.7. Measurement and characterisation of extruded fibres
will be discussed in Section 4.2.8, including morphology and SEM images. Lastly, mechanical
characterisation of these extruded hydrogel fibres are explored in Section 4.2.9. The biomaterial
synthesised and characterised in Part One (Section 4.1) provided the basis for understanding and
development of the microfluidic system described below.

4.2.1 Material Properties and Design Progression
To replicate the structural hierarchy of collagen fibres, the electrostatic interaction between two
charged polyelectrolytes in microfluidic channels was investigated. The polyanion GG-MA (13% DS)
was selected in regards to the previous characterisation (Section 4.1) and tuneable mechanical
properties. The polycation CHT was chosen as the oppositely charged polymer due to its proven
potential for biomedical applications, as well as being an easily accessible positively charged polymer
from natural origin (Cheung, Ng, Wong, & Chan, 2015; Przekora, Palka, & Ginalska, 2016). It is known
that gelation occurs when a charged polymer comes in contact with another counter charged polymer
forming polyelectrolyte complexes (PEC) between the interfaces. Both the polysaccharides stated have
been previously studied in the tissue engineering field to form PEC fibres and many various process
variables have been reported, such as pH, charge density, ratio and polymer concentration (Buriuli &
Verma, 2017; Coutinho et al., 2012; Sant et al., 2017). However, the traditional method of formation
and placement of these fibres remains laden. Taking this into account a biofabrication, 3D-printing
approach using a microfluidic nozzle tip was investigated.
An initial prototype based on desirable specifications found in literature was first explored and
manufactured by a third party company, Ramé-hart Instrument Co., (Figure B.1, Appendix B). This
would provide a robust nozzle with two microfluidic channels directed together at an angle of 90º and
final inner diameter of 0.4 mm, similar parameters found in literature (Sant et al., 2017). It was
hypothesised at this inner diameter, microscale fibre bundles could be extruded allowing for higher
level placement of fibres when constructing an orthogonal scaffold structure similar to that of the native
cornea (see Figure 2.6, Section 2.4.2). Unfortunately this initial prototype did not meet the project
demands with failure to extrude and consistent blocking. In order to understand the issue, a number of
preliminary experiments, such as different ink formulations, polymer ratios and flow rates were
explored. However, these tests resulted in immediate blockages (Figure B.8, Appendix B). It was
hypothesised that due to the manufacturing technique it resulted in unsmooth areas along the inside of
the channels causing the fibre to cluster upon complexation, resulting in blockages at each change in
diameter along the microfluidic channels. In particular, the step downs from 16G tubing (1.19 mm inner
diameter) down to 22G needle (0.413 mm inner diameter) meant that the internal channels were not
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smooth and caused turbulence at these stages. As a result a new approach was necessary. These
preliminary experiments provided the basis for improvements that were required for directing the flow
of each polymer solution and promote fibre bundle complexation. In addition, exploring different
channel reservoir lengths and the merging angle of each channel were evaluated further as important
parameters.

A

20 mm

B

15º

27 mm

Figure 4.14: (A) A schematic of the final iteration of the designed bifurcating microfluidic extrusion nozzle with
openings for mounting UV (395 nm) LEDs. The distance between each inlet was made at 27 mm, merging angle
designed at 15º and resorvir length after merging to outlet at 20 mm. (B) Optical microscopy image with measurements
of a fabricated nozzle from the top viewpoint, designed with an inner diameter of ca. 800 μm and wall thickness of ca.
300 μm.

To overcome these discrepancies, multiple microfluidic approaches/designs were conceptualised and
fabricated using the Formlabs Form 2 printer (See Appendix B for schematics). Each design iteration
was evaluated on a syringe pump set up with a constant flow rate of 50 ml.h-1 as an initial reference
point found in the literature (Sant et al., 2017). The junction of the two microfluidic channels was
redesigned to reduce wall shear stress and the chance of blockages, as well as to improve the mixing
between each of the polymer solutions (Figure 4.14A). Additionally, continuous inner diameter
channels from inlet to outlet were designed to maximise fibre alignment without disorder occurring
when stepping down to different channel diameters. Smaller microfluidic channel diameters throughout
the system were attempted at 200-500 μm, to ideally achieve micron fibre dimensions and increase
printing resolution. However, a limitation was found with the resolution of the Form 2 printer which
could not exceed such a structure lower than 800 µm. With microfluidic channels becoming blocked
and the laser photo crosslinking the typically non-crosslinked resin that is flushed out upon construct
completion. An optical microscopy measurement of a fabricated microfluidic nozzle diameter is shown
in Figure 4.14B.
Each inlet was designed with luer-lock fittings to allow for easy syringe mounting and ensure that a
complete seal was established. This prevented backflow from occurring and directed the polymer
solutions through the microfluidic channels while stopping any material from escaping. Finally, the
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material used for the extrusion nozzle was a proprietary clear resin, supplied by Formlabs, to provide a
translucent view of the interior channels and flow of materials. This also allowed for the introduction
of UV LEDs (395 nm) mounted into the tip of nozzle thus ensuing stabilisation of produced fibres
before extrusion. The compilation of these design improvements into the final component build is
shown in Figure 4.15.

A

B

Figure 4.15: (A) An image of a microfluidic extrusion nozzle, printed in proprietary clear resin material allowing for
clear viewing of the interior channels and flow of materials; GG-MA dyed with methyl red (left) and CHT dyed with
blue (right) indicators – image colour intensity enhanced for presentation purposes. (B) The final design printed using
the Formlabs Form 2 printer, showing the support structure and printed nozzle.

*Note: all bench top syringe pump nozzles were printed in an ivory-white material and printer nozzles
were printed in a clear resin.

4.2.2 Bench-top Study
Prior to extrusion of fibre bundles using the developed printer, a microfluidic study was
evaluated to understand the best microfluidic approach to form these fibre bundles. As shown earlier in
Section 3.5.3, Figure 3.4 presents a CAD representation of the designed nozzle, showing the polymer
solutions merging and directed to the nozzle tip before being collected on a glass slide. It should be
noted that both the syringe pump and microfluidic device were mounted vertically to closely replicate
the gravimetric forces present during printing. Similar literature studies were performed with PDMS
moulds where it was established that a 1:1 ratio of these hydrogels was optimum in terms of efficient
fibre formation (Coutinho et al., 2012; Sant et al., 2017). To confirm this, a preliminary experiment was
performed using specific microfluidic systems designed to accommodate the pitch of the bench-top
syringe pump (see Figure 4.17, 3D-printed in an ivory-white material), with various polymer ratios of
CHT and GG-MA, including 2:1, 1:1 and 1:2. Fibre formation was observed as positive with immediate
number of fibres present making it tangible or low with minimal fibres and not tangible. Printability
was defined as the overall viscosity and shape retention of the combined hydrogel on a scale of low to
high. Table 4.4 summarises each qualitative result establishing that a ratio 1:1 is ideal for fibre formation
and resulted in less excess gel. In addition, lower viscosity solutions produced higher fibre formation.
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Table 4.4: Qualitative observations for different CHT/GG-MA ratios tested with the syringe pump set up and the same
microfluidic channel design as found in the literature (Sant et al., 2017).

Ratio
(CHT:GG-MA)
2:1
2:1
1:1
1:1
1:1
1:2
1:2

CHT
Conc. (% w/v)
2
4
1
2
2.5
1
2

GG-MA
Conc. (% w/v)
1
2
1
2
2.5
2
4

Fibre
Formation
Low
Low*
Good
Good
Low*
Low
Low

Printability
Low
Moderate*
Soft
Soft-mod
Low*
Low/excess gel
Excess gel

*Formulation showed no mixing between the two polymers.

Subsequently, polymer concentrations were shown to have a significant effect on fibre formation.
Where compact fibre bundles (diameter ≥50 µm) were being formed or no compaction and non-tangible
fibres present. These were used to describe both low desirable fibre formation. It was therefore shown
with an increase in viscosity, the two polymer solutions would be incapable of mixing and not able to
penetrate into the corresponding hydrogel network. With optical microscopy, it was shown that low
fibre formation was occurring in a helix fashion around the rigid CHT/GG-MA hydrogel (Figure B.9,
Appendix B). A balance was thus needed between both ink formulations to initiate a printable gel and
efficient fibre formation linearly aligned inside the hydrogel. According to Kyle et al., (2017) a
printability value of closer to 1, the more ideal gelation condition or printability status. As depicted in
Figure 4.16, a CHT/GG-MA ratio of 1:1 and polymer concentration at 2% w/v was shown to have an
increased printability value (closer to ~1) while still being capable of forming an encapsulated fibre
bundles.

Pr ˂ 1

Pr = 1

Pr ˃ 1

Figure 4.16: Evaluation of the printability of a combined hydrogel fibre bundle with 3D-printed syringe pump nozzle
(white-ivory material) to accommodate the pitch of the dual syringe cartridge.

In addition to these parameters, flow rate was also investigated as an important factor when combining
the two materials to ensure a suitable level of mixing. Beginning with an initial flow rate of 50 mL.h-1,
as described by Sant et al. (2017), a soft hydrogel fibre bundle was successfully extruded. Upon
increasing the flow rate (≥ 100 mL.h-1) it was observed that the polymer solutions were able to form
fibre bundles, however due to the process of 3D-printing, extrusion speeds (represented by feed rate,
mm/min, discussed in detail later) are often required to be relatively slow. This feed rate can be
correlated to flow rate based on the steps/mm of the extrusion stepper motor, this is discussed during
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printer calibration in Section 4.2.7. Based on observations of fibre formation it was determined that an
ideal flow ≤ 50 ml.h-1 was suitable for producing fibre bundles suggesting that self-assembled fibre
formation could still be established at printing speeds. Using this, the design and direction of these
microfluidic devices were also evaluated by fabricating various design concepts on the Formlabs Form
2 printer. The difference in design of each configuration is shown in Figure 4.17 below.

C

B

A

Figure 4.17: Cross-sectional view of three microfluidic designs used to detail fibre formation, specific dimensions can
be found in Appendix B (B.2-4). (A) 45º channel design based on a study within the literature (Sant et al. 2017). (B)
Shows a 15º channel angle to better align the polymer solutions. (C) Shows an adapted co-axial design with a short
inner channel to provide minimal wall shearing between the solutions. Note: all three have an inner diameter of 1 mm.

Flowing of both materials was achieved forming a fibrous hydrogel structure via aqueous solutions at
2% w/v CHT and GG-MA through each fabricated nozzle. The configuration based on a study within
the literature (Figure 4.17A) showed to be the least efficient in terms of optimal fibre formation due to
small diameter bundles and excess hydrogel material (Figure 4.18A) when compared to the results from
employing a new microfluidic designs (Figure 4.18B). Figure 4.17B and C designs provided
significantly better alternative to fibre formation with diameters of each fibre bundles ranging between
200-800 µm (discussed in Section 4.2.8). For simplicity, the microfluidic mixing nozzle designs will
be referred to as nozzle A, B and C.

B

A

Figure 4.18: Optical microscope measurements of self-assembled fibre bundles of GG-MA/CHT produced with
different microfluidic channel designs. (A) Shows small unevenly spaced fibres produced via nozzle A. (B) Shows
compacted aligned fibre bundle with a diameter of ~600 µm achieved through nozzle C.
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Based on relative observations it was hypothesised that nozzle C, was able to minimise wall shear stress
inside the microfluidic system, which is a dominant feature at the microscale and reducing potential
mixing. Typically, shear stress increases with velocity and viscosity, however this is not the case within
microfluidic channels as the flow can be subject to different shear forces along the channel walls. It was
found that the velocity profile tends to be parabolic in most cases, meaning that velocity is fastest at the
centre and slowest near the channel wall (Cierpka, Rossi, & Kähler, 2015). This feature was taken into
account when creating nozzle C, and GG-MA was introduced inside the CHT solution to combat
potential shear stresses and maximise mixing between the two polymer solutions. In addition the shape
of nozzle C, and operation thereof, it has been described in literature that CHT having a much higher
polymer charge density (confirmed by zeta potential measurements in Section 4.2.4) migrates to the
interior of the combined hydrogels to balance the ionic charge (Coutinho et al., 2012). Since GG-MA,
holds one charged group in each monomer compared to CHT, the vice versa results in insufficient
complexation to all the amine groups of CHT. Based on preliminary observations, in Figure 4.18, it
shows CHT can successfully compact and aligned fibres when fed through microfluidic channels
performing the same crosslinking rationale.

4.2.3 UV LED-induced Stability
In identifying other parameters for the translation of this microfluidic approach to a 3D-printer
set up, it was learned that PEC hydrogels have poor hydrolytic stability after complexation (Coutinho
et al., 2012). This is reportedly due to their crosslinking being highly dependent on physicochemical
interactions between each polymer. Therefore to maximise the stability and handling, GG-MA was
photo-crosslinked with UV light to enhance the bonding of each material and allow for strengthened
hydrogel fibres.
A novel concept of mounting UV LEDs into the tip of the microfluidic device was investigated (seen
in Figure 4.27, Section 4.2.7). This would ideally provide increased printability and stabilise the
hydrogel fibre bundle before extrusion, preventing dissociation on the substrate (glass slide). A clear
resin material, supplied by Formlabs, was employed for the following printing nozzles and its
abosorbance capacity was characterised. Thin sheets/walls were printed in the same clear resin material
ranging from 300 μm to 500 μm. Figure 4.19A shows that the resin material absorbed largely at 380
nm and 405 nm (wavelength of laser during the printing process) for all wall thickness between 300500 µm. However, the absorbance intensity was significantlty lower at 395 nm. Following this, UV
LEDs in the 395 nm range were selected as less intensity, roughly by a factor of two, would be required
to penetrate the nozzle design material. In addition, since 395 nm is in the visible light region on the
UV spectrum and has been reported to be non-toxic to cells at large UV intensity range (Maher et al.,
2016). It was also determined that a window thickness between the microfludic channel and LED of
300 µm was to be used since the highest amount of UV light could pass through. Figure 4.19B
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demonstrated that over a 5 min duration and using a 300 µm wall thickness, the absorbance at each
wavelength did not vary. This was important to ensure the resin material used to make the nozzle was
not crosslinked further and limiting the level of UV through to the hydrogel-fibre bundle. In addition,
since the inner surface will be exposed to a solution it was shown that different mediums, such as water
and even oil, did not influence the absorbance (Figure B.10, Appendix B).
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Figure 4.19: (A) Comparison of absorbance for the Form 2 clear resin at varying wall thicknesses. (B) Kinetic study
showing the average absorbance between 350-450 nm over 5 min duration using 300 µm wall thickness. Each scan (350450 nm) was performed at 5 second intervals for 300 seconds. Error bars represent standard deviation, SD±0 (n=60).

To evaluate the UV LED crosslink-ability the intensity was compared to the Lumen Dynamics
Omnicure lx 400+ bench UV lamp. At the constant distance of 5 cm the UV lamp exhibited an intensity
of 15.3 mW/cm2 while an individual LED only 2.6 mW/cm2, and three LED to be approximately 7.8
mW/cm2, measured with a LED light meter (Lumen Dynamics Omnicure LM2011/LS100 LED Light
Meter System). Firstly, it was therefore shown that the UV LEDs are 50% as intense as the UV lamp.
However this could be accounted for by placing the LEDs at a much closer distance (0.3 mm) to better
direct the cone of light emitting from the UV LED. It was shown that this method could successfully
crosslink the GG-MA hydrogel material by decreasing the distance between the substrate and UV LED
from 5 mm to 0.3 mm (Table B.1, Appendix B). Preliminary tests with the 300 µm wall thickness and
UV LEDs at 395 nm were then performed to determine if the GG-MA hydrogel material could be
photocrosslinked through the thin window barrier (Figure 4.20). It was found that the hydrogel was
readily UV crosslinkable producing a soft hydrogel, likewise by increasing the numbers of LEDs the
time required could be significantly lowered (Table 4.5).
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A

B

C

D

UV LEDs
Figure 4.20: UV LED crosslinking study of GG-MA through a 300 µm thick channel wall at 0.3 mm distance. (A) Shows
the crosslinking extent after 2 seconds and, (B) shows after 5 seconds. (C) Shows the translucent wall placed on top of
the mould prior to UV exposure. (D) Shows the setup with two 395 nm LEDs balanced inside a clamp.

Considering that the material will be flowing at a constant flow rate through the channel and that
crosslinking would have to occur quickly, it was determined that three LEDs were sufficient at obtaining
a consistent soft-gel after 1 second of exposure through the translucent barrier. Table 4.5 shows a
summary of shape retention tests related to time and number of LEDs. The length of time for UV
exposure was adjusted to monitor the formation of hard and brittle gelation. It should be noted that soft
gelation was able to occur throughout all tested samples, however shape retention was an important
observation for better relation to the overall printability. These results confirmed that the GG-MA
material could still be crosslinked through this translucent window upon UV exposure. In detailing
observed shape retention, high was denoted as too brittle, low being gently soft under pressure and
medium in between each of those. Table 4.5 shows the overall summary of each test.
Table 4.5: Summary of bench tests UV crosslinked with GG-MA and GG-MA/CHT fibre through a 300 µm thick
translucent wall. The constant parameters for LEDs were set at 3.8 V and 20 mW and kept a fixed distance of 0.3 mm
from the barrier material. For shape retention explanation, H = high and M = medium.

Material

# of LEDs

Time (sec)
30
20
10
5
30
10
5
2
5
2
1

1
1% w/v GG-MA
(0.12% v/v LAP)
2
2% w/v GG-MA/
2%CHT (0.12% v/v
LAP)

3

Shape Retention
H
H
M
Soft-gel
H (brittle)
H
M
Soft-gel
M
Soft-gel
Soft-gel

For GG-MA/CHT bench tests, crosslinking was also confirmed by facilitating much easier handling
with tweezers of these hydrogel fibres upon removal from the glass slide. It should be noted that excess
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CHT gel was not crosslinked and allowed for easy removal. This approach therefore successfully
showed that stabilisation of the fibre bundles could be achieved. Next, the applied electrical current to
the LEDs, or UV intensity, in relation to the feed rate (extrusion speed) was investigated. Using the
previously described nozzle B, was further modified to accommodate three LEDs strategically placed
beside the combined channel and a window of 300 µm thick, it was shown that crosslinking of GG-MA
material at constant feedrate of 0.5 mm/min was possible. Crosslinking was determined based on if it
was still a liquid or a soft-gel. Shape retention was identified similarly as stated above. Table 4.6 shows
the tests performed to narrow both the current and feed rate parameters. An increased wall shear stress
was evident when the material at the UV window was softly crosslinked and the solution behind was
not. This lead to a compressive-pressure effect until the soft-gel was extruded. It was hypothesised that
since the GG-MA/CHT hydrogel forms an insoluble solid fibre when coming into contact with the
opposite polymer solution that this effect would be negated.
Table 4.6: Summary of tests performed with variable current in relation to feed rate for 2% w/v GG-MA/CHT
hydrogel, with a concentration of 0.12% w/v LAP. Tests were performed in a static state where extrusion was
performed above the substrate without moving. Shape retention was described based on how brittle or soft each sample
was upon handling.

Current (mA)

20

10

17.5

Feed rate
(mm/min)
2
1
0.5
0.25
2
1
0.5
0.25
0.125
0.0625
0.5
0.25

✗
✗
✓
✓
✗
✗
✗
✗
✗
✗
✓
✓

Shape
retention
Low
Low
High
High
Low
Low
Low
Low
Low
Low
Soft
Soft

Crosslinking

16.5

0.5

✓

Soft

16
15

0.5
0.5

✓
✓

Soft
Soft

Notes
Extrusion feed
rate too fast
Spurts
Blockage

Too slow/ UV
intensity low

Extruded soft
gel after
overcoming
blockage
Extrude gel in
spurts

As expected, this negation was successfully shown to be the case as GG-MA/CHT fibre bundles were
able to be consistently extruded onto a glass slide without any blockages. A concentration of 2% w/v
GG-MA/CHT, 1:1 ratio, with a final combined concentration of 0.12% w/v LAP was extruded at a feed
rate of 0.5 mm/min and driven with a constant current (UV intensity) of 16 mA (Table 4.6). Fibre
bundles were easily handled after extrusion, where previously they were difficult to attain from the
glass slide without UV crosslinking. It is also assumed that the expelled water and excess
uncrosslinkable (no methacrylate group) CHT gel around the fibre facilitated a liquid barrier between
the wall of the channel and PEC fibre. Ultimately, allowing the aligned GG-MA/CHT complex to flow
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past the UV window without the increase of wall shear stress upon UV exposure, leading to no
immediate blockages.

4.2.4 Zeta Potential Measurements
It was previously established (Section 4.2.2) that the polymer solutions were required to have
low viscosity to allow for efficient fibre formation. Therefore, the zeta potential of the CHT and GGMA solutions was measured in order to evaluate the initial charged states. Figure 4.21A-D shows the
zeta potential measurements for each individual hydrogel at varied polymer concentrations.
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Figure 4.21: Comparison of surface charge and pH against polymer concentration. (A) Shows the zeta potential
measurements against polymer concentration of high molecular weight CHT. (B) Shows the effect of polymer
concentration on pH of high molecular weight CHT. (C) and (D) are the same measurements for GG-MA (13% DS).
All CHT samples were dissolved in 1% v/v acetic acid. Data points represent the average values and the error bars are
the standard deviation (n=3).

A direct linear correlation between surface charge and polymer concentration demonstrates that
increased polymer concentrations leads to a reduced positive and negative charge reaching as low as 22
mV for CHT and -0.83 mW for GG-MA, respectively. Conversely, an increase in polymer concentration
resulted in a higher pH solution for CHT (Figure 4.21B). Since 1% v/v acetic acid was used to produce
a CHT hydrogel, this suggests that at an increased polymer concentration, less acetic acid is available
to activate the positive charge on the polymer backbone. When looking at GG-MA (13% DS) an
increased polymer concentration showed no significant increase in pH (Figure 4.21D), therefore fibre
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formation is heavily reliant on CHT and GG-MA to be a relative low polymer concentration eliciting
the most surface charge for physiochemical binding to occur between the oppositely charged materials.
Considering that 2% w/v concentration for both polymer solutions was selected for efficient fibre
formation (Section 4.2.2), the effect of acetic acid was investigated on the system. It was established
that a saturation limit occurs at ~1% v/v acetic acid concentration producing a relative consistent surface
charge (Figure B.12A, Appendix B). Moreover, suggesting that a higher acetic acid concentration was
not required as maximum surface charge can already be achieved. Since future work will eventually
involve cell studies, this is an important factor as increased acidity levels can impacted the viability of
cells (Marina, Sanders, & Mourant, 2012).
In addition, a MES Buffer solution was prepared for GG-MA. This provided a stable pH ~6.5 and a
allowed for a stabilisation effect to occur, removing the linear relationship of polymer concentration on
the negative surface charge (Figure B.12B, Appendix B). Importantly, this buffer allowed for pHdependent crosslinking when forming the GG-MA/CHT fibre bundle. As previously mentioned, the pH
of the medium can greatly influence PEC formation therefore by implementing a buffer system, more
efficient fibre formation can occur.
Following the characterisation of each polymer solution, analysis of charged states of the solutions
helped establish the interactions between both solutions. Figure 4.22 shows the final surface charge for
each respective material. At a 1:1 ratio, CHT holds a high positive surface charge resulting in GG-MA
being completely saturated or ionic crosslinked in solution when introduced together.
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Figure 4.22: Overall zeta potential (mV) of the initial solutions (2% w/v) of CHT and GG-MA selected for printing.
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4.2.5 Rheology Characterisation
As previously discussed in Section 4.1.5, the rheological properties were used to better
understand the viscoelastic properties of each hydrogel of interest. Due to the complexity of managing
multiple hydrogels within this microfluidic system a rheological profile was established for the polymer
solution before and after complexation. A comparative analysis was undertaken for each material as
described next.
Temperature and Time. Since the aim of this project was to extrude hydrogel fibre bundles at room
temperature (25 ºC) a temperature sweep was performed to confirm the viscoelastic behaviour between
5-40 ºC. Figure 4.23A shows the temperature sweep for both GG-MA and CHT. 2% w/v GG-MA (13%
DS) demonstrated effectively no dependence on temperature with the storage modulus (G’) remaining
consistent at 14±0.77 Pa, while CHT showed that it deforms at a rate of 0.34 Pa/ ºC within the range
investigated. This is similar to previous studies, where the dynamic viscosity decreased over time due
to the rapid depolymerisation of CHT when its activation energy threshold is achieved (Martini, Dimida,
De Benedetto, Madaghiele, & Demitri, 2016). It should be noted that after complexation and fibre
formation the GG-MA/CHT hydrogel became considerably resistant to temperature (Figure 4.23B). As
seen in Figure 4.23B, the storage modulus was stable over the temperature range from 5 to 40 ºC. This
is consistent with previous reports that formation of PECs was strong enough and capable to resist acid,
alkali, and boiling water (Buriuli & Verma, 2017).
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Figure 4.23: Temperature sweeps from 5 to 40 ºC with a constant heating rate of 2 ºC/min ramp with a constant
frequency of 1 Hz and strain of 0.1%. (A) Shows temperature sweep for 2% w/v GG-MA (13% DS) and 2% w/v CHT
and (B) shows the complexed hydrogel fibre bundle.

As discussed earlier, the extrusion of these hydrogel fibre bundles was aimed to be conducted at 25 ºC
(RT). Conversely, these results supports the criteria that no direct temperature control was required for
the developed printer set up based on these preliminary studies and for design of an ad hoc printer, an
ink with good printability at RT is preferable.
A time sweep was performed to confirm the stability of respective materials over a time period at a
constant room temperature (25 ºC). This is important for both preparation and loading of material into
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syringes and inlets of the microfluidic device. Freshly prepared GG-MA and CHT hydrogels were tested
with a time sweep at room temperature with a constant frequency of 1 Hz and strain of 0.1% (Figure
B.13 and B.14, Appendix B). All samples showed a relative increase in storage modulus over a 20
minute time period, however the combined GG-MA and CHT hydrogel showed the most stability at
305.6±4.5 Pa as shown in Figure 4.23 above. This shows that the hydrogel fibre bundle has high stability
under ambient conditions once complexation has occurred.
Strain and Frequency. A strain sweep between 0.1 % and 1000 % was performed on both
corresponding hydrogels to investigate the linear viscoelastic regions (Figure 4.24A). The viscoelastic
region for GG-MA was found to reach up until ~1% strain, before undergoing deformation, indicating
that it is still relatively liquid-like at 2% w/v polymer concentration. While CHT at 2% w/v polymer
concentration exhibited a much higher strain of ~100% before its polymer network initiates
deformation. This is partly due to the selected high molecular weight of CHT and the high surface
tension characteristic of CHT (Martini et al., 2016). Figure 4.24B shows the relative tough combined
hydrogel GG-MA/CHT (~10% strain) following destruction of the aligned polymer network and
collapse of the material. Comparisons of these results demonstrate that once the hydrogel fibre bundle
is formed the strain is ultimately increased from 1 to 10% strain and notably the storage modulus
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increases up to 400±2.74 Pa, due to GG-MA becoming completely saturated in the CHT solution.
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Figure 4.24: Strain sweep for all corresponding hydrogels at room temperature (25 ºC). (A) Shows the storage modulus
(G’) for 2% w/v GG-MA and 2% w/v CHT. (B) Shows the storage modulus (G’) and loss modulus (G”) for combined
hydrogel fibre bundle. Data points represent the average values and the error bars are the standard deviation (n=3).

Following this, a strain of 0.1% was selected to cover all hydrogels under investigation. A frequency
sweep between 1 to 100 Hz was evaluated to classify each polymer solution. All of which showed an
increase of storage modulus up to 100 Hz before reaching complete deformation (Figure B.15,
Appendix B). Supporting that each individual polymer solution was a low viscous solution and upon
complexation it resulted in a viscoelastic solid-like gel at room temperature (25 ºC).
Flow and Stress. A shear rate sweep was performed on each hydrogel, in particular, the combined
hydrogel fibre bundle to confirm that the PEC fibre holds a shear-thinning behaviour. Firstly, it was
shown that both GG-MA and CHT demonstrated shear-thinning beginning from ~20 Pa.s and
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decreasing as shear rate increases (Figure 4.25A). The shear rate sweep for the hydrogel fibre bundle
was difficult to measure due to aligned fibres becoming increasingly entangled upon high shear rates.
Figure 4.25B demonstrates that the combined hydrogel were overall shear-thinning, however this is not
a smooth behaviour due to losing the alignment of respective fibres on the rheometer.
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Figure 4.25: (A) Flow profile showing the shearing-thinning effect of 2% w/v GG-MA and 2% w/v CHT during shear
rate sweep at constant room temperature (25 ºC). (B) Shows a shear rate sweep for 2% w/v GG-MA//2% w/v CHT
combined hydrogel fibre bundle with supporting images of the fibre entanglement. Both (C) and (D) are yield stress
measurements showing the yield point of 2% w/v GG-MA and 2% w/v CHT individually and 2% w/v GG-MA//2%
w/v CHT when combined, respectively. Data is represented in mean±SD (n=3).

Following this, a yield stress measurement was conducted for all corresponding hydrogels to evaluate
the minimal shear stress required to initiate the flow. Figure 4.25C shows that GG-MA requires the
lowest applied stress (~10 Pa); this is expected due to it still being slightly viscous with a capacity to
readily flow at 10 Pa. However, CHT is much higher at ~100 Pa applied stress to induce any sort flow
of the polymer solution. This is anticipated by the fact that CHT has a high surface tension value,
however it has been shown that higher polymer concentrations result in a gradual lowering of the surface
tension (Nilsen-Nygaard, Strand, Vårum, Draget, & Nordgård, 2015). Figure 4.25D shows the applied
stress required for the combined hydrogel fibre bundle is similar to that of CHT at much higher
viscosity. This concludes that GG-MA is being entirely complexed with the CHT polymer chains and
excess CHT solution remains around the shell of PEC fibre formation. Furthermore, these applied stress
values are consistent with the range of force (1-100 Pa) required for the syringe pump (Legato 180
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Syringe Pump, KD Scientific) when evaluating the microfluidics and establishing that the extrusion
mechanism of the printer set up will be able to initiate flow of all solutions.

4.2.6 In-situ Crosslinking Kinetics
To better understand the crosslinking kinetics within the microfluidic system and after post
extrusion process, the crosslinking kinetics of the combined polyelectrolyte fibre bundle was assessed.
To account for the dilution between each hydrogel solution, the LAP concentration was increased and
reported in its final concentration. In addition, UV exposure was continued until a plateau was evident
and stopped to reduce dehydration. Figure 4.26 shows an increase of storage modulus for all varied
LAP concentrations upon exposure to the UV lamp for 60 seconds (as described in Section 3.32). It can
be seen that the 0.12% (w/v) LAP of polyelectrolyte complex is significantly higher (~2958 Pa) after
380 seconds, while 0.06% (w/v) LAP only reached ~1414 Pa after 740 seconds exposure to UV light.
At the concentration of 0.03% (w/v) LAP the lowest modulus was seen at ~699 Pa upon 830 seconds
UV exposure. In comparison to GG-MA (19% DS) alone, the crosslinkability has greatly decreased due
to the addition of another polymer, which does not hold any methacrylate groups. This effectively
dilutes the highly crosslinkable GG-MA polymer solution and cannot form a tight polymer matrix. For
the combined solutions, it should be noted that the fixed distance of 5 cm for the UV light source was
used. Considering the previous studies (Section 4.2.3), this is different conditions to the UV LED
printability, where three light sources are mounted within the microfluidic device, instead this process
better demonstrates the time required for UV crosslinking with different LAP concentrations. This can
ultimately be relatable for translation during and after the extrusion printing process.

2% w/v GG-MA 0.12% PI
2% w/v GG-MA 0.06% PI
2% w/v GG-MA:CHT 0.12% PI
2% w/v GG-MA:CHT 0.06% PI
2% w/v GG-MA:CHT 0.03% PI
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Figure 4.26: In-situ crosslinking kinetics of 2% w/v GG-MA (19% DS) and 2% w/v GG-MA:CHT hydrogel fibre
bundle. Each test was performed with 0.06% w/v LAP and at a distance of 5 cm. UV was initiated for 60 seconds.
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Figure 4.26 successfully shows that an increase in photoinitiator increases both the speed and
crosslinking ability of the fibrous hydrogel bundle. As a result, it was determined additional PI was
required to match the flowrate to achieve a significant level of crosslinking at which point the fibre
bundle could be handled. Following the thesis objective preliminary results based on the handling of
the fibre bundle was used to determine if sufficient crosslinking had occurred when operating the
printer. Future work could consider methacrylating CHT to improve this ability and in turn enhance the
mechanical properties even further. However, these results have shown that methacrylation of one
polymer has the ability to produce a stronger chemically crosslinked fibre that prevents dissociation and
locking in a robust fibrous bundle structure.

4.2.7 Printer Assembly and Calibration
Following the bench top study (Section 4.2.2) it established characterisation for efficient fibre
formation and the design for each microfluidic nozzle device for transfer to a printer. As previously
mentioned (Section 3.4.3), a mechanically-driven motor (Nema11 Non-Captive Linear Stepper Motor)
was selected for more direct control over the flow of hydrogels extruded from the nozzle. With this,
multiple design iterations were made to house the parallel loaded syringes to be controlled by the stepper
motor (Figure B.20, Appendix B). Figure 4.27 shows the final design in CAD format (right) and realised
system mounted onto the modified printer (left). The print head was fabricated on a commercially
available FDM printer (uPrint, Stratasys) in acrylonitrile butadiene styrene (ABS) material, a commonly
used material in 3D printers that is easily accessible and cheap. Since ABS is lightweight and has the
ability to be injected-molded and extruded, it can be useful in manufacturing products such as musical
instruments, medical devices and enclosures for electrical and electronic assemblies, as well as, making
it possible to fabricate the designed print head quickly. However, a disadvantage of ABS material is
that it conducts heat therefore the heat generation from the stepper motor was required to be monitored.
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Figure 4.27: (A) Final iteration of print head assembly which allows for disposable syringes to be loaded and
controlled by a mechanically-driven motor. (B) Computer-aided design model with key features labelled.

The print head mechanism was specifically designed for two syringes to be loaded parallel to each other
and the syringe plungers be translated vertically with the movement precisely controlled by the stepper
motor. To allow for this, the lead screw of the stepper motor was directly attached to the carriage that
the respective syringe plungers were affixed and linear movement enabled via the motor and lead screw.
Calibration of this printer took place to evaluate the precise control of the extrusion motor and ultimate
printing at room temperature. As described in Section 3.4.3, Figure 4.28A shows the initial calibration
(red) with a steps/mm of 4000, chosen as the carriage visually appeared to translate at the desired
distance, by dividing this value with the calculated slope (Equation 4) the steps/mm required for the
distance travelled by the stepper motor to accurately match a software mm was found. It was calculated
(black line) that a step/mm ratio of 5266 established the distance travelled by the lead screw is consistent
with a software distance (Figure 4.28A). An additional calibration was performed (Figure 4.28B)
showing the upper feed rate before the extrusion motor becomes inconsistent and no observed
translation of the carriage was noted. This ultimately showed that below the line the mechanically driven
extrusion will run effectively with regards to a selected feed rate input.
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Figure 4.28: (A) Linear correlation between distances travelled of the lead screw (plungers) and software mm with a
step/mm ratio of 5266. Samples are shown in cumulative measurements. Error bars represent standard deviation. Red
line shows the linear fit (R2 = 0.99, n = 10). (B) Shows the upper feed rate before the extrusion motor becomes
inconsistent/freely rotates without observed translation of the carriage. Each mechanical test was performed with
microstepping enabled and the average of three successive measurements was taken. Error bars represent the standard
deviation, and the red line highlights the exponential trend (R2=0.99, n=23) indicating that below the line the
mechanically driven extrusion will run effectively.

As earlier, the extrusion speed is dictated by the feed rate (mm/min), which correlates to the flow rate
of the system using Equation (5) described in Section 3.6.2. By modifying the feed rate the flow rate
can be manipulated. For example, Figure 4.29A shows the volume extruded per cumulative millimetre.
It was established that a volume of 0.25 mL is achieved per mm movement of the carriage and dual
syringes. Given if a feed rate of 1 mm/min was used, this correlates to a flow rate of 15 ml/hr. This is
significant in calculating the flow rate when changing the feed rate to accommodate changes in direction
printing complex lattice scaffolds.
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Figure 4.29: (A) Linear correlation between distance travelled of lead screw and volume extruded with a step/mm
ratio of 5266 and feedrate of 1 mm/s. All samples are the average of three successive measurements with H 2O. Error
bars represent standard deviation. Red line shows the linear fit (R2 = 0.99, n = 10). (B) Shows the heat generation of
the extrusion motor at a range of different voltages set on potentiometer controlling the current applied to the
stepper motor. Data is represented in mean±SD (n=10).

As described in Section 3.4.1, heat generation from the stepper motor was monitored during calibration
and demonstrated a significant temperature increase depending on the voltage used. An A4988 stepper
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driver with a potentiometer (trimpot) was used and upon tuning this changes the voltage, in turn allows
for more or less current to be applied to the extrusion stepper motor. With more current, more magnetic
strength could be exhibited and therefore a larger force is applied to the translation of the motor. This
means that it can push more viscous material through the microfluidic printing nozzle. The undesirable
side effect of this is an increase in temperature of the motor, which may translate to the material and
affect the target printing at RT. This was identified in the design phase by having a long extrusion
system (Figure 4.27), maximising the distance between the motor and materials. Moreover, a heat sink
was also attached to aid in dissipating any possible heat build-up.
As depicted by Figure 4.29B, it was determined that 0.6 V was sufficient to extrude the UV crosslinked
fibre bundle without any immediate blockages and maintain a respectable temperature below 40 ºC.

4.2.8 Printing and Fibre Bundle Characterisation
A fibrous hydrogel structure was successfully fabricated by extruding 2% w/v solutions of CHT
and GG-MA, 1:1 ratio, through a printer nozzle using the microfluidic approach as discussed. The
polyelectrolyte complexation was initiated when the polymers came in contact with each other, i.e.
when one polymer contacted the other countercharged polymer, and UV crosslinked prior to extrusion.
After extrusion these stabilised fibres were collected onto a glass slide allowing for easier handling and
mechanical testing. Images of the fabricated hydrogel fibre bundles can be found in Appendix B (Figure
B.24). Furthermore, it was shown that different microfluidic nozzles, both B and C, were able to produce
a different arrangement of fibre bundles.
Both microfluidic systems (nozzles B and C) enabled fabrication of aligned fibrous structures, as
observed in Figure 4.30A and 4.31, compared with randomly formed fibres when both polymers were
mixed randomly without a nozzle (Figure B.16, Appendix B). It was found that CHT/GG-MA fibres
exhibited a diameter ranging from 1000 µm to as small as 100 µm. Figure 4.30A shows that fibre
bundles are only forming when both oppositely charged polymers are introduced together, whereas
Figure 4.30B exhibits no fibres when CHT was extruded alone. Moreover, it can be seen that
polyelectrolyte fibre distribution can be evenly distributed throughout the hydrogel (Figure 4.30A)
when using nozzle B at a feed rate of 3.63 mm/min as described in Section 4.2.2. The resolution, or
strut diameter, was shown to be 973.61±52.47 µm similar to that of the inner diameter (1000 µm) of
microfluidic nozzle and calculated fibre volume, as described in Section 3.6.1, was determined to be
20.70± 2.03 mm3. It should be noted that bubbles were formed during the printing process including
excess gel and water around the outside of the fibre bundle, which needs to be optimised prior to scaffold
creation.
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A
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Figure 4.30: Establishing fibre bundles are only formed within GG-MA/CHT hydrogel. (A) Shows a distribution of
fibres (arrows) throughout the hydrogel with 1:1 ratio of GG-MA:CHT. Each hydrogel was extruded from a
microfluidic tip with a diameter of 1 mm and feed rate of 3.63 mm/min using nozzle B. (B) Shows no fibre formation
inside CHT without GG-MA and a consistent diameter of ~1000 µm using using nozzle B.

When using nozzle C, as described in Section 4.2.2, where GG-MA was introduced inside of the CHT
a smaller compact aligned fibre bundle was fabricated (Figure 4.31). The fibre bundle diameter was
shown to be 802±60.32 µm at a constant feed rate of 3.63 mm/min and fibre volume calculated to be
16.08±1.21 mm3. To account for the increased wall shear stress in micofluidic channels (Cierpka et al.,
2015), GG-MA was designed to be deposited in the middle of the microchannel surrounded by CHT to
elicit better physiochemical interaction and mixing between the oppositely charged materials. This was
successfully achieved with enhanced alignment as shown in Figure 4.31.
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Figure 4.31: Shows a compact aligned fibre formation extruded from nozzle C, with a close-up view (top) showing full
alignment of fibers with 1:1 GG-MA/CHT. The corresponding fibre diameters are 814.46 µm (top), 855.83 µm (bottom
left) and 737.007 µm (bottom right). Each hydrogel was extruded from a microfluidic tip with an internal inner
diameter of 1 mm and feed rate 3.63 mm/min.

Expelled water and excess gel was found surrounding the extruded fibre bundles at ~100 µm on either
side, this occurs when the oppositely charged fibres bind along each others back bone and push water
out from between. With a fibre diameter of 802±60.32 µm, this corresponds to the inner diameter of
1000 µm inside nozzle C. Once it was established that polyelectrolyte fibre bundles could be achieved
via printing single strands, the feed rate was evaluated to determine whether the fibre diameter could
be controlled based on the applied pressure and mixing of these two materials.
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Figure 4.32: Optical microscopy analysis of a hydrogel fibre bundle at a 120 µm resolution with excess gel and water
removed.

Figure 4.32 suggests that feed rate has a dramatic effect on fibre diameter. It is hypothesised, due to the
dynamic nature of this system, that applied pressure from increased feed rates significantly increases
the mixing between the low viscosity materials. With these results, this suggests that the fibre diameter
can be controlled to a degree with specific feed rates. As shown in Figure 4.31, a feed rate of 3.63
mm/min produced a fibre bundle with a diameter of 802±60.32 µm (n=22). Moreover, decreasing the
feed rate to 0.50 mm/min, as determined in UV-LED study Section 4.2.3, a thin diameter 98.3±3.09 µm
(n=30) can be extruded (Figure 4.32). It should be noted that when a reduced feed rate is used, large
amounts of excess material is then not complexed within the fibre bundle resulting in it being removed
from the glass slide post printing. Interestingly, at both resolutions, striations can be observed under an
optical microscope. Hypothetically, this corresponds to the longitudinal repetition of oppositely charged
CHT and GG-MA polymer chains. Most importantly, these bundles showed an aligned fibrous
structure. In natural collagen, these features occur as a result of the staggered repetition of tropocollagen
molecules, linearly self-assembled by electrostatic interactions, and laterally packed through hydrogen
bonds and hydrophobic forces (Rele et al., 2007; Yu et al., 2011).

4.2.9 Scanning Electron Microscopy Characterisation and Morphology
Following successfully printing aligned fibres with a diameter ranging from 10-1000 µm, the
specific microstructure was further evaluated with scanning electron microscopy (SEM). The
microscale structure characterisation confirmed that the fibres involved a highly organised fibrilar
bundle, similar to that observed in natural collagen fibres (refer to Figure B.17, Appendix B). SEM
shows that the fibrous hydrogel is made up of a series of micro-fibrils aligned in parallel and packed
together in a tight bundle (Figure 4.33) after being extruded from the designed printer nozzle C. Figure
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4.33C at the highest magnification revealed the morphology of fibrous hydrogel, indicating each microfibril size varied from 1-5 µm. This is consistent with other literature studies (Buriuli & Verma, 2017;
Coutinho et al., 2012; Sant et al., 2017), further establishing that polyelectrolyte fibre formation is a
viable method for replicating the structural hierarchy of native collagen fibres.

A

B

C

D

Figure 4.33: Microscale characterisation of aligned hydrogel fiber bundle. Scanning electron microscopy of the
hydrogel fiber bundle showing multiple microfibers aligned parallel to each other. (A), (B) and (C) shows different
fiber bundle strands with an average fiber bundle diameter (~50 µm), (D) shows the integration of both polymers and
each microfiber (~1-2 µm) within the bundle.

4.2.10 Mechanical Testing
The mechanical properties of the self-assembled GG-MA/CHT fibre bundles were measured
using tensile testing to evaluate whether these collagen-mimicking fibres had similar functional
properties to native collagen. The ultimate tensile strength (UTS), elastic modulus (E) and elongation
(strain) were recorded for comparison.
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Figure 4.34: Mechanical characterisation of GG-MA/CHT hydrogel fibre bundle. (A) A tensile testing example of
stress-strain curve for a wet fibre bundle. (B) Shows average mechanical properties of GG-MA/CHT in a wet state
(n=3). Image inset(s) show hydrogel fibres prepared by silicon glue and cotton fibres ends. These were pulled tight on
the mechanical tester prior to breakage.

It was successfully shown that the GG-MA/CHT fibre bundles were mechanically strong as evident by
an elastic modulus of 1.04±0.14 MPa and tensile strength of 0.79±0.18 MPa when wet. This was found
to be lower than previous literature studies by approximately 1.0 MPa (Amin & in het Panhuis, 2013;
Sant et al., 2017), likely due to modification to allow for printabilty. However, these results are still
significant as hydrogels generally having weak mechanical properties due to their high water content.
With such high mechanical properties these fabricated fibre bundles could be used for accessing tissue
engineering applications such as nerve, muscle and connective tissues. In terms of the native human
cornea, the elastic modulus for the posterior and anterior direction has been reported to be 0.21±0.09
MPa and 2.28±0.87 MPa, respectively (Lombardo, Serrao, Rosati, & Lombardo, 2014). This suggests
that the fabricated hydrogel fibre bundles are within range of a native corneal construct. It would be of
interest to investigate the mechanical properties of a fabricated scaffold, i.e. one similar to the
orthogonal orientation of the stroma. Since the average thickness for these fibres investigated were
~100-300 µm, compression modulus could not be evaluated. The summarised mechanical data can be
found in Table 4.7 below.
Table 4.7: Mechanical properties of 2% w/v GG-MA/CHT fibre bundle in either wet or dry state (n=3). Tensile (TS),
Elastic modulus (E), work of extension (U) and elongation () for each state are given. Data is represented as mean±std.

Sample
Wet
Dry

Diameter
(µm)
315±18.78
85.67±27.71

TS
(MPa)
0.79±0.18
19.64±2.70

E
(MPa)
1.04±0.14
946.26±262.61
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U
(MJ g-1)
0.42±0.08
0.30±0.13


(%)
84.19±18.32%
4.53±0.41%

CHAPTER 5 · FUTURE PERSPECTIVES
5.1 Review and Scope
At this stage it is helpful to return to the overarching hypothesis(s) of this thesis. Firstly, to be
able to identify materials and a new fabrication method for 3D-bioprinting, develop and characterise
these for use at room temperature, as well as perform bench top studies with related instrumentation.
Secondly, translating these findings into a fabrication method by developing a suitable printer to reach
the overarching goal. While this technology was not available to achieve this, it was created as part of
this work. Through this, it enabled completion of the overarching objective, i.e. developing and
validating a fabrication method for designing fibre hydrogel bundles that closely replicate the
architecture of natural collagen fibre bundles.

5.2 Achievements/Contributions
The work performed in this thesis was successfully achieved through detailing the fundamentals
of both hydrogels, in particular GG-MA, and design of a functioning microfluidic prototype that the
formation of biomimetic fibre bundles in-situ could be made printable. Specifically, a smooth internal
channel with non-existent stepping (comparison between commercially designed nozzle and 3D-printed
design) was found to be vital to the successful printing of hydrogel fibres, with an internal diameter
ranging from 800-1000 μm. Also, these fabricated hydrogel fibre bundles were mechanically strong (~1
MPa) as characterised by their elastic and tensile strength. The diameter of these fibrous hydrogel
bundles could be controlled by modulating the extrusion speed (feed rate), this showed scope for further
scaling up and fabricating even smaller channel diameters. By changing the microfluidic integration of
each counter polymer, it established different methods for fibre distribution within each hydrogel. This
process is proposed to be promising for targeting specific tissues requiring different mechanical
properties and directional cellular growth, such as nerves and muscles. Also, implementation of UV
LEDs within the microfluidic prototype allowed for a number of advantages, e.g. chemical crosslinking
in-situ taking place before final extrusion, increasing the mechanical properties and making the
hydrogel fibres much easier to handle. Although cell studies were not investigated within this stage of
developing a novel fabrication method and platform, certain literature studies have already
demonstrated the ability of these fibre bundle hydrogel material, when mixed manually, to encapsulate
and maintain relevant cell types providing an even greater outlook for this technology. Together with
this, the developed 3D-bioprinting method and mechanical characterisation demonstrates its potential
as a promising technique for tissue engineering of biomimetic collagen tissue and validates the
feasibility of designing compact aligned fibres using microfluidics.
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5.3 Future Work
While the work described here, along with the overarching goal of this thesis, involved the
fundamentals for the development for this printing method there still remains exciting research and
future scope to address challenges, such as (a) 3D scaffold investigation, (b) printer enhancement and
(c) material modification to aid cell viability. Future work should include optimisation of this printing
setup to produce consistent fibre bundles with respect to diameter and morphology. The study described
successfully achieved desired objectives using the current variables, to further optimise the process as
well as for other targets it would require a large number of variables, including photo initiator
concentration, flowrate, GG-MA content, to advance the control of the fibre fabrication method in the
future. This would be achieved, for example, by focusing on a single parameter such as GG-MA content
and establishing many experiments to demonstrate a range of methacrylation content values capable of
producing an efficient fibre bundle. In addition, mass-loss and swelling ratio studies should be
investigated for both GG-MA and GG-MA/CHT fibre bundles to describe print fidelity post fabrication,
this can be achieved by incubating the hydrogel within PBS/media following printing. A 3D-printed
porous mesh and vacuum should be engineered for the print stage so that expelled water from fibre
formation can be quickly removed for scaffold creation. Fine-tuning the UV curing within the nozzle
to enhance mechanical properties would be of interest, further detailing its printability. Once this can
be achieved, more advanced scaffold constructs can be attempted, including membrane formation,
which can ultimately lead up to the stroma layer within a human cornea and lattices structures similar
to that found in cartilage. Further explore modifying GG-MA with an RGD, cell adhesion motif, to
provide planar cell growth for different cell types along these fibre bundles and provide an enhanced
environment for cell viability. While balancing the flowrate and UV intensity/exposure should be
investigated when introducing cell-laden hydrogels to further define cell viability. In terms of the cornea
target application, significant mechanical properties were achieved in close relation to the native cornea
providing future direction for the use of aligned fibre bundles to match the robust mechanical stiffness
of the cornea. Meanwhile, the findings also showed that optical transparency may be an issue until
addressed. As such, there is the alternative potential to use these self-assembled fibres in accessing other
mechanical strong tissues that are more suitable, for example, muscle, nerve and/or cartilage
Mastery of the formation of these hydrogel fibre bundles within the extrusion printing process will
certainly provide a means for improving and targeting a range of specific mechanical properties for
tissues of interest. The developed method of UV crosslinked aligned hydrogel fibres using microfluidics
is a novel process within 3D-bioprinting and has the potential to lead to improved future hydrogels,
functionality and complexity of bio-scaffolds with a far-reaching focus towards a variety of systems
from neural tissue, skeletal muscle, and corneal tissue to cartilage.
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5.4 Ethical Considerations
Since biofabrication is a rapidly emerging industry with a focus on personalised medicine and
the ability to 3D print human organs. These new bio-printed therapies and the unique character of
biofabrication technology, although still in their infancy, is necessitated thorough ethical considerations.
It is projected that 3D-bioprinting will have a major impact on society in the near future and will require
many new structural systems to both hospitals and public health care. This section aims to highlight the
ethical principles regarding the emerging ethical and social concerns specific to biofabrication and its
translation into society.
While the use of 3D printing in medicine offers clear dramatic benefits and an almost paradigm shift in
how medical practises are enacted, they also raise a number of ethical questions that will need to be
regulated as these technologies fully develop and begin to move to market. It is important to address
the ethical principles that need to be applied to these newly developed processes and issues in order to
ensure that new medical options meet patients’ expectations for safe and effective treatments, but also
meet societal demands for secure, fair and cost-effective healthcare. A situational approach has been
used to apply the four key ethical principles (Beauchamp & Childress, 2008) of (1) benefit, (2) nonmaleficence, (3) justice and (4) respect for autonomy. This provides a general handle for the moral and
regulatory assessment of biofabrication and its impact on society, however as Gillon stated – “the four
principles approach does not provide a method for choosing a clear solution to troubling moral
dilemmas” (Macklin, 2003).
According to the constitution of the World Health Organisation (World Health Organization, 2014)
(1946), “enjoyment of the highest attainable standard of health is one of the fundamental rights to every
human”. Standard of health encompasses many aspects of one’s ability to perform daily occupations
free from illness, pain and injury. With 3D printing of human organs on the rise, the ethical dilemma of
justice in access to these limited healthcare resources has come into question. In many countries that
have an established healthcare system where people are provided with a social safety net for unexpected
health costs where personalised medicine is often viewed as a potential source of increased inequality.
Improving the health and ability to secure work for the upper class, while those who are less fortunate
and suffer great incidence of preventable disease bear a greater burden in accessing work and health
care (Wallace et al., 2014). If there is a fundamental right to enjoyment of the highest standard of health,
then this right should not depend on the financial circumstances of the individual. To regulate this, the
government healthcare system needs to absorb this emerging technology into the current system to
attain equal and fair healthcare. However, all public healthcare systems are not capable of supporting
the high demand by the population, especially if anybody and everybody is covered by this treatment,
and thus rationing of healthcare resources is inevitable. Even though these therapies have the potential
to drive costs down and reduce waiting times, the public healthcare system cannot cover all of these
personalised medical costs; to avoid unfair coverage there needs to be proper protocol standards set in
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place for these fabricated organs. To ensure equality, the public healthcare should be covering only
essential life threatening organs and quality of life organs and not aesthetic treatments (similar to plastic
reconstruction surgery) through public healthcare criteria, thus restricting abuse of the system. For
example, a former alcoholic can attain a new liver on certain conditions and an amputee can be
fabricated a new leg but an individual wishing to change their appearance for vanity is not supported.
This enables fair distribution of benefits to one’s health and ability to secure work, and avoids the
conundrum with people gaining a sense of transhumanism, losing the care and respect for their bodies
knowing that they can be covered by the public healthcare.
The ethical principle of beneficence, that is promoting welfare in terms of maximising benefits and
minimising harms (Macklin, 2003), should be applied to the practices of personalised treatment required
to move 3D printed organs to market. The ability to 3D print organs both inexpensively and on-demand
allows for swift and effective recovery times for patients, but also advocates that patients may not get a
choice to refuse these automated treatments. Nevertheless, the respect for autonomy principle mandates
that physicians should comply with patient’s wishes even if the predicted consequences are
unfavourable or grave. However, withholding a proven beneficial treatment is likely to have the
consequence of producing harm (Beauchamp & Childress, 2008). This contradicts the principle of nonmaleficence requiring physicians to avoid harm whenever possible.
The most prevalent ethical predicament currently within hospitals (and politics) in Australia is the
concern regarding euthanasia (UNAIDS, 2016). This has triggered a number of ethical and social
concerns, many of which can also translate into personalised medicine. When the technical
advancement to replace one’s organs with ease and low cost is a potential, a clear question arises, i.e.
how does one retain the ability to monitor this treatment for patients to die peacefully? For example, to
stop prolonging greater illnesses or prevent a proxy keeping loved ones alive for personal gain, while
at the same time, ensuring to avoid harm and promoting welfare. Consider the typical Jehovah’s Witness
case refusal over a blood transfusion, a prominent example of a conflict of the key ethical principles.
Many have argued this conflict comes down to the fact that respect for autonomy always takes
precedence over beneficence. Nonetheless, there needs to be a balanced protocol evaluating both harm
and welfare in terms of biofabrication. It is easy to be blinded with a technology in hospitals that can
streamline patient treatments. While it is important to promote welfare one should be careful to not
produce greater harm in the process. Preferably within both the private and public healthcare, there
should be protocols in place respecting the uniqueness of each and reports concerning overall wellbeing
prior to treatment. Subsequently, preventing hospitals from fitting patients with a new organ and
discharging them to keep patient levels low.
Due to these advancements in medical technology there will undoubtedly be changes to the norms of
natural death as well. This technologically advanced treatment has the capability to intervene at the time
of death and prolong the lives of people (Karnik & Kanekar, 2016). Biofabrication is therefore
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consequently reshaping the circumstances around natural death by sustaining human lives. It is
important to regulate this capability within a rigid protocol system, as no one should have direct control
of this fundamental right - no employer or the government. Moreover, this should not be associated
with a monetary value, causing an increase in the inequality gap between the economic social classes.
There is a need to implement international policies and guidelines for this end of life decision-making,
particularly for policies for withholding or withdrawing the treatment options so as to avoid ethical
conflict between the defined ethical principles stated above.
Much like current ethical concerns with end of life care, healthcare providers should take initiative and
discuss patient’s goal for end-of-life treatment, as their preferences can change from person to person.
Some patients might target for 3D-bioprinted therapies or some for comfort care, hence communication
can avoid the ethical crisis surrounding biofabrication and end of life decision-making. Community
standards can work well where the patient’s desire from the end of life treatment choices is not well
demarcated (Karnik & Kanekar, 2016). Advanced healthcare directives should be regulated through
society and made mandatory to ensure protection and simplify the process. One must be permitted to
change their mind at any stage and know that there will be no consequences for their actions. It should
also not impact, or be impacted by, their economic status or their overall wellbeing.
The field of biofabrication is rapidly evolving and it should not be underestimated, as a range of
unprecedented ethical, regulatory and policy issues will continue to arise. There will be a continual
pressing need to address the gaps that will come with this new technology early enough to ensure that
patient welfare is maintained. There is also a need to consider how fair access to the health care system
can support these new medical treatments and resources arising from 3D-bioprinting both privately and
publicly. Full analysis of risks and benefits by independent advisors, regulators and policy makers with
continued assessments of effectiveness will be important aspects to incorporate. Consideration to the
long term influence on the health care system, education and transparency are vital ways in which these
social issues can be ethically managed.

5.5 Conclusion
In this work, GG-MA was successfully shown to construct 3D scaffolds by varying the polymer
concentration relative to the degree of methacrylation, ultimately providing different accessible
mechanical properties. In addition, a GG-MA/CHT hydrogel was successfully shown as a potential
biomaterial mimic for collagen tissue and was assessed in terms of rheological properties, printability
and the ability to form microfluidics, for a micro extrusion printing method. The fabrication of highresolution microfluidic printing nozzles using stereolithography was demonstrated and designed for
efficient fibre formation. Moreover, customisation of an existing extrusion printer by developing a new
print head was described and established. Microscopy characterisation with optical and scanning
electron microscopy further detailed the distribution and morphology of compact-aligned micro-fibrils.
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The mechanical properties of the aligned fibrous hydrogel seemed largely dependent on the thickness
of individual hydrogel fibre bundles. Despite the relatively high water content, it was revealed that these
individual hydrogel fibre bundles can be mechanically strong (~1 MPa) as evidenced by their elastic
modulus and tensile strength. Overall, the developed fabrication method of UV crosslinked aligned
hydrogel fibres using microfluidics has uncovered a potential multi-material candidate and a viable
printing method for use in biofabrication with a far-reaching scope for a variety of systems from neural
tissue, skeletal muscle, and corneal tissue to cartilage.
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APPENDIX A
The following appendix is supporting data and information generated from results and discussion part one
(Section 4.1).
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Gellan Gum

Figure A.1: 1H NMR spectra for purified GG.
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Methacrylated Gellan Gum

Figure A.2: 1H NMR spectra for reaction 1a synthesised with 8 ml/g of MA.
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Methacrylated Gellan Gum

Figure A.3: 1H NMR spectra for reaction 1b synthesised with 8 ml/g of MA.
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Methacrylated Gellan Gum

Figure A.4: 1H NMR spectra for reaction 2a synthesised with 4 ml/g of MA.
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Methacrylated Gellan Gum

Figure A.5: 1H NMR spectra for reaction 2b synthesised with 4 ml/g of MA.
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Methacrylated Gellan Gum

Figure A.6: 1H NMR spectra for reaction 3a synthesised with 4 ml/g of MA and solvent mixture of 90:10 ml (H 2O:DMF).
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Methacrylated Gellan Gum

Figure A.7: 1H NMR spectra for reaction 3b synthesised with 4 ml/g of MA and solvent mixture of 90:10 ml (H2O:DMF).
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Methacrylated Gellan Gum

Figure A.8: 1H NMR spectra for reaction 4a synthesised with 2 ml/g of MA and solvent mixture of 90:10 ml (H 2O:DMF).
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Methacrylated Gellan Gum

Figure A.9: 1H NMR spectra for reaction 4b synthesised with 2 ml/g of MA and solvent mixture of 90:10 ml (H 2O:DMF).
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Methacrylated Gellan Gum

Figure A.10: 1H NMR spectra for reaction 5a synthesised with 4 ml/g of MA and solvent mixture of 70:30 ml (H 2O:DMF).
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Methacrylated Gellan Gum

Figure A.11: 1H NMR spectra for reaction 5b synthesised with 4 ml/g of MA and solvent mixture of 70:30 ml (H 2O:DMF).
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1
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3

4

Figure A.12: Different synthesised GG-MA dissolved at 1% w/v in D2O prior to NMR characterisation. Starting from the left each solution is synthesised with (1) 10% DMF, (2) 30%
DMF, (3) and (4) no DMF solvent, respectively. This qualitatively shows that when a high amount of DMF is used during synthesis, a less transparent product is formed.
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Table A.1: The effect of different CaCl2 concentrations on 2% w/v GG-MA (13% DS) ink formulations. Samples were prepared in 1 ml, 20 mg/ml, and split for two samples each time.

Stock CaCl2
Conc.
Sample
1
2
3
4
5
Stock CaCl2
Conc.
Sample

2

mM

Actual
(mg)
10.05
10.05
10.05
10.05
240

GG-MA
(w/v)
1
1
1
1
1
mM

DI Water (uL)
375
225
100
0
0

Stock CaCl2
added (uL)
125
275
400
500
[15mM] 500

Final CaCl2
Conc. (mM)
0.25
0.55
0.80
1.00
7.50

Temp (oC)

Time

Gel

Homeogenity

Viscosity

RT
RT
RT
RT
RT

5min
5min
5min
5min
5min

Liquid
Liquid
Liquid
Liquid
Liquid

Good
Good
Good
Good
Good

V. Low
V. Low
V. Low
V. Low
V. Low

GG-MA
DI Water (uL)
Stock CaCl2
Final CaCl2
Temp (oC)
Time
Gel
Homeogenity
Viscosity
(w/v)
added (uL)
Conc. (mM)
7
1
250
250
60
RT + 37C
20min Liquid
Low
Low
8
1
165
335
80
RT + 37C
20min Liquid
Low
Low
9
1
83
417
100
RT + 37C
20min
Soft
Low
Low
10
1
0
500
120
RT + 37C
20min
Soft
Low
Low
*Note: 37oC water bath was used to dissolve initial 2% (w/v) GG-MA then alliquoted. Also samples were vortexed for 1min after CaCl2 solution was added.
Actual
(mg)
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Shape
retention
V. Low
V. Low
V. Low
V. Low
V. Low

Transparency

Shape
retention
Low
Low
Low
Low

Transparency

Good
Good
Good
Good
Good

Low (Obaque)
Low (Obaque)
Low (Obaque)
Low (Obaque)

Table A.2: Bench top tests extruded with 1 mL syringe and visually assessed.

High GG-MA tests
1% w/v
2% w/v
Low GG-MA tests
1% w/v
2% w/v

7.5mM CaCl2
120mM CaCl2
1.5mM CaCl2

Viscosity
Low
Low
Low

Homogeneity
Good
Good
Good

Shape Retention
Low
Low
Low

3.55mM CaCl2
3.55mM CaCl2

Low
Good

Low
Low

Low
Brittle

3% w/v GG-MA (19% DS)
2% w/v GG-MA (19% DS)
1% w/v GG-MA (19% DS)
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Figure A.13: (A) Comparison of storage modulus for varying polymer concentrations of high GG-MA (19% DS)
(n=1) against temperature. (B) Time sweep for 3% w/v low GG-MA (4% DS) with storage modulus (G’) and loss
modulus (G”). Data points represent the average values and the error bars are the standard deviation (n=3).
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Figure A.14: (A) Time sweep for 7.5% w/v low GG-MA (13% DS) with storage modulus (G’) and loss modulus (G”)
(n=1). (B) Frequency sweep showing storage modulus (G’) and loss modulus (G”) as a function of frequency at room
temperature (25 ºC) for 7.5% w/v GG-MA (13% DS) (n=1).
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B

A

C

Figure A.15: Preliminary prints with 3% w/v low GG-MA (4% DS). Parameters: 1.2 Bar and
12mm/s. (A) after one layer, (B) after two layers and, (C) after 5 layers printed.

1500

Strut Diameter (µm)

1250

1000

750

500

250

0
0

1

2

3

Pressure (bar)

Figure A.16: Shows an increase in strut diameter with increasing pressure when using 3% w/v GG-MA (4% DS) at
room temperature (25 ºC).
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APPENDIX B
The following appendix is supporting data and information generated from results and discussion part one
(Section 4.2).

A

B

C

Figure B.1: Commercial made bifurcating nozzle schematic and Solidworks 2018 render. Ramé-hart instrument co.
was used to fabricate the final selected design (A). These specifications involved a 22g (0.4 mm) needle diameter,
reservoir length of 15 mm and a merging channel angle of 90 o. These were employed to produce better complexation
of fiber bundles and allow for smaller diameters, however showed uneven surfaces resulting in immediate blockages.
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Figure B.2: Schematics of syringe pump nozzle A, specifications taken from literature, found in Sant et al., 2017. This
dictated a consistent microchannel diameter of 1000 μm and merging angle of two channels set at 45°.

Figure B.3: Schematics of syringe pump nozzle B. With similar inner diameter of 1000 μm, however a merging angle
of approximately 15° to enhance fibre complexation and reduction of blockages.
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Figure B.4: Schematics of syringe pump nozzle C. Designed with a co-axial approach with one channel depositing
inside of the other microchannel. This was proposed to investigate other ways to mix these two oppositely-charged
polymers without ruining their alignment.

Figure B.5: Schematics of printer nozzle C. This is ultimately a smaller design of the syringe pump nozzle C, however
a smaller pitch between the two inlet channels and allowing for a slimmer print head.
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Figure B.6: Schematics of printer nozzle B. Similar to the figure above, this uses the same design as syringe pump
nozzle B, however a smaller pitch between the two inlet channels. In addition UV LED chambers were designed 300
μm away from the transparent combined channel to accommodate for UV crosslinking during printing.
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Figure B.7: Schematics of print head that houses two syringes side by side and controlled by a mechanically-driven
motor from above. The distance between nozzle tip and motor was used to prevent temperature reaching the
hydrogels.
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Figure B.8: Shows the blockages that would occur with the commercially manufactured nozzle tip with uneven
channel surfaces.
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B

Figure B.9: Microscopic image of fibre formation occurring in a helix fashion when opposing viscosity for the two
hydrogels is too high.
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Figure B.10: Comparison of the relative absorbance for a 300 µm thick wall in different mediums (such as air, water
and oil) to minimise light scattering of the non-smooth surface.
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Figure B.11: Comparison of absorbance for the manually-treated Form 2 clear resin at varying wall thicknesses.
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Table B.1: Crosslinking through Form 2 clear resin barrier (related to time and intensity – no. of LEDs)
Ink Formulation

Distance (mm)
5

Time (sec)
20

5

10

2

10

2

5

1

10

1

2

0.5

2

0.3

2

0.3

1

100

14

80

12

Shape Retention

✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✗
✓
✗
Brittle
Soft
Soft
Soft
Soft
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Figure B.12: (A) Show the comparison of surface charge and pH of 2% w/v CHT against varied acetic acid
concentration. (B) Shows the effect of a MES Buffer (pH ~6.5) on the surface charge of GG-MA at varied polymer
concentrations.
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Figure B.13: Time sweep of 2% w/v HM CHT at RT with a constant frequency of 1 Hz and strain of 0.1%. Data is
presented in mean±sd (n=3).
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Figure B.14: Time sweep of 2% w/v GG-MA at RT with a constant frequency of 1 Hz and strain of 0.1%. Data is
presented in mean±sd (n=3).

1000

100

B
10

Storage Modulus (Pa)

A

Storage Modulus (Pa)

1000

100

10

2% w/v GG-MA
2% w/v CHT

G'

1

G"

1
1

10

100

1

Frequency (Hz)

10

100

Frequency (Hz)

Figure B.15: (Frequency sweep showing storage modulus (G’) at room temperature (22 oC). (A) shows 2% w/v GGMA and 2% w/v CHT. (B) shows 2% GG-MA/CHT hydrogel combined. Data is represented in mean±SD (n=3)

Figure B.16: Light microscopy data from GG-MA/CHT fiber bundle characterisation mixed randomly.
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Figure B.17: Light microscope image of longitundinally sectioned human Achilles tendion. Collagen fibre bundles
appear parallel, wavyform with interposed flattened parallel fibroblasts (arrows). Bar = 100 μm

Figure B.18: Preliminary T-shaped microfluidic device used to produce GG-MA/CHT fiber bundles
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Figure B.19: Different design types regarding merging the polycationic and polyanionic hydrogels together.
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Figure B.20: Initial print head design/components printed on the FDM UP printer to test syringe locking
mechanisms.

Figure B.21: Overiew of modified printer set up.
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Figure B.22: Shows CAD design for print head.

Figure B.23: UV LEDs in operation crosslinking fibre bundle before extrusion.
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Figure B.24: Images showing a printed hydrogel fibre bundle. Excess water was removed prior to capturing.
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